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PREFACE 
This r e p o r t  d e s c r i b e s  :he work performed from December 5, 1978, 
through J u l y  5, 1980, by t h e  McDonnell Douglas Research Labora to r i es  
(MDRL) under t h e  Nat ional  Atronaut ics  and Space Adminis t ra t ion (NASA) 
Contract  NAS8-33107. The u l t i m a t e  o b j e c t i v e s  of the  s tudy a r e  t o  
q u a n t i t a t i v e l y  e s t a b l i s h  t h e  c h a r a c t e r i s t i c s  of Hg Cd Te a s  grown on I-x x 
Ear th  a s  a b a s i s  f o r  subsequent e v a l u a t i o n  of the  m a t e r i a l  processed i n  
space a r d  t o  develop the  experimental  and t h e o r e t i c a l  a n a l y t i c a l  
m e t h d s  required f o r  such evaluat ion.  The t e c h n i c a l  r e p o r t  was 
submitted t o  NASA i n  J u l y  1980. 
The work was performed i n  the  Sol id  S t a t e  Sciences Department, 
managed by Dr. C. R. Whitsett .  The P r i n c i p a l  I n v e s t i g a t o r  was 
Dr. S. L. Lehoczky; Co-Investigators were Dr .  F. R. Szofran and 
Dr .  B. G. Martin. 
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1. INTRODUCTION 
1.1 Scope of Study 
The overall study includes the entire range, 0 < x < 1, of Hgl-xCdxTe 
alloy compositions. Crystals were prepared by the Bridgman method with a wide 
range of crystal growth rates and temperature gradients adequate to prevent 
constitutional supercooling under diffusion-limited, steady-state, growth 
conditions. The longitudinal compositional gradients for different growth 
conditions and alloy compositions were calculated and compared with 
experimental data to develop a quantitative model of the crystal growth 
kinetics for the Hgl-,CdXTe alloys, and measurements were performed to 
ascertain the effect of growth conditions on radial compositional gradients. 
The pseudobinary HgTe-CdTe constitutional phase diagram was determined by 
precision differential-thermal-analysis measurements and used to calculate the 
segregation coefficient of Cd as a function of x and interface ceapprature. 
Experiments will be conducted and theoretical analysis will be performed 
during the next phase of the program to determine che ternary phase equilibria 
in selected regions of the Hg-Cd-Te constitutional phase diagram, and electron 
and hole mobilities as functions of temperature will be analyzed to establish 
charge-carrier scattering probabilities. Computer algorithms specific to 
Hgl-xCdxTe were dzveloped for calculations of the charge-carrier 
concentrations, charge-carrier mobilities, Hall coefficient, optical 
absorptance, h - d  Fermi energy as functions of x, temperature, ionized donor 
and acceptor concentrations, and neutral-defect concentrations. 
1.2 Summary of Progress 
A series of differential-thermal-analysis (DTA) measurements was 
performed for Hgl-xCd,Te alloy compositions with x = 0, 0.1, 0.2, 0.3, 0.4, 
0.6, 0.7, 0.8, 0.9, and 1.0. The liquidus and solidus temperatures deduced 
from the DTA data were used to establish the pseudobinary HgTe-CdTe 
constitutional phase diagram. The segregation coefficient of Cd was 
determined aa a function of x and interface temperature. 
Iterative phase-equilibria calculations based on the regular associated 
solution (R.A.S.) theory1e2 were performed, and a set of R.A.S. parameters was 
obta ined  by s imul taneous ly  leas t - squares - f  i t t i n g  t he  b ina ry  Hg-Te and ~ d - ~ e ~ ' ~  
and pseudobinary l!.gTe-CdTe phase diagrams. The R.A. S. parameters  were used t o  
c a l c u l a t e  t he  a c t i v i t i e s  of f!g, Cd, and Te2 and t h e i r  p a r t i a l  p r e s s u r e s  over  
pseudobinary me l t s .  The c a l c u l a t e d  mercury p a r t i a l  p r e s s u r e s  a r e  i n  
reasonable  agreement with S t e i n i n g e r ' s  exper imenta l  r e s u l t s . '  The v a l i d i t y  of 
t he  R.A.S. p a r a n e t e r s  and thus  t he  c a l c u l a t e d  p a r t i a l  p r e s su re s  a r e  
a e n s i t i v e l y  dependent upon neces sa ry  a s sunp t ions  i n  t he  c a l c u l a t i o n s ;  f o r  
example, n e g l i g i b l e  Te-Te a s s o c i a t i o n  i n  t h e  melt  was assumed. 
Hgo.8Cdo,2Te a l l o y  c r y s t a l s  were grown by t he  Bridgman method a t  cons t an t  
furnace  t r a n s l a t i o n  r a t e s  of 0.0685, 0.310, 0.597, 1 . i2 ,  and 5.62 u m / s .  The 
temperature g r a d i e n t s  a t  t he  s o l i d - - l i q u i d  i n t e r f a c e ,  except  f o r  t he  5.62 p m / s  
growth r a t e ,  were adequate  t o  prevent  c o n s t i t u t i o n a l  supe rcoo l ing  i n  t h e  
mel t s .  For t h r e e  of t he  i n g o t s ,  t he  l o n g i t u d i n a l  c o n p o s i t i o n a l  p r o f i l e s  were 
determined by p r e c i s i o n  d e n s i t y  measurements and were compared with c a l c u l a t e d  
p r o f i l e s 8  f o r  va r ious  assumed va lues  of D, t h e  l i q u i d  HgTe-CdTe i n t e r d i f f u s i o n  
c o e f f i c i e n t .  The c a l c u l a t i o n s  inc luded  t h e  v a r i a t i o n s  i n  t h e  i n t e r f a c e  
t r a n s l a t i o n  r a t e s  and i n t e r f a c e  s eg rega t i on  c o e f f i c i e n t s  dur ing  the  growth 
process .  These v a r i a t i o n s  were c a l c u l a t e ,  f r o n  t h e  tempera ture  p r o f i l e s  
measured p r i o r  t o  each growth run ,  t he  measured compos i t iona l  p r o f i l e s ,  and 
phase e q u i l i b r i a  d a t a .  The b e s t  f i t s  t o  t h e  d a t a  f o r  t he  a l l o y s  wi th  x = 0.2 
y i e lded  5.5 x  1 0 ' ~  cm2/s f o r  D and 1.5 x lo6  ~ - s / c m ~  f o r  G/R, t he  i n t e r f a c e -  
temperature-gradient  t o  growth-rate  r a t i o  r equ i r ed  t o  prevent  c o n s t i t u t i o n a l  
supercool ing .  Radia l  compos i t iona l  v a r i a t i o n s  were measured on t h i n  s l i c e s  
from s e v e r a l  i n g o t s  by i n f r a r e d  (IR) t ransmission-edge mapping. The r a d i a l  
compos i t iona l  p r o f i l e s  deduced from the  cut-on wavelengths implied concave 
s o l i d / l i q u i d  i n t e r f a c e s  f o r  t he  e n t i r e  l e n g t h s  of t h e  c r y s t a l s .  
T h e o r e t i c a l  models and computer programs s p e c i f i c  t o  Hgl-xCd,Te were 
developed f o r  c a l c u l a t i o n s  of c h a r g e - c a r r i e r  c o n c e n t r a t i o n s ,  Ha l l  c ~ ~ ? f f i c i e n t ,  
Fermi energy,  and conduct ion-e lec t ron  m o b i l i t y  a s  f u n c t i o n s  of x, temperat  re, 
and ion ized-defec t  and neu t r a l -de fec t  c o n c e n t r a t i o n s .  A s  i n  prev ious  work on 
t he  HgCdSe a l l o y  system9r10 t he  Kane three-band model1' was used t o  d e s c r i b e  
t he  band s t r u c t u r e  of t he  HgCdTe a l l o y s ,  and t h e  b e s t  avai1,able  band 
parameters  were comr i l e d  from the  l i t e r a t u r e .  The tempera ture  dependence of 
the  e l e c t r o n  concen t r a t i on  was c a l c u l a t e d  f o r  v a r i o u s  n e t  donor c o n c e n t r a t i o n s  
from 4.2 K t o  300 K,  and t he  c a l c u l a t e d  r e s u l t s  agreed we l l  w i th  a v a i l a b l e  
d a t a .  
The mob i l i t y  c a l c u l a t i o n s  included the  fo l lowing  i n s t r i n s i c  s c a t t e r i n g  
mechanisms: l o n g i t u d i n a l - o p t i c a l  phonon, l o n g i t u d i n a l  and t r ansve r se -  
a c o u s t i c a l  phonon, heavy-hole, and a l l o y  d i s o r d e r  p o t e n t i a l .  The e x t r i n s i c  
s c a t t e r i n g  mechanisms included charged and n e u t r a l  po in t -defec ts .  A 
comparison of c a l c u l a t e d  r e s u l t s  wi th  a v a i l a b l e  exper imenta l  da t a  i n d i c a t e d  
t h a t  l o n g i t u d i n a l  optical-phonon and charged and n e u t r a l  d e f e c t  s c a t t e r i n g  a r e  
t h e  dominant mob i l i t y - l imi t i ng  mechanisms. 
2. PSEUDOBINARY HgTe-CdTe PHASE DIAGW: 
2.1 Alloy P repa ra t ion  
The IlgTe-CdTe a l l o y s  used f o r  the  phase diagram de t e rmina t ions  were 
prepared by r e a c t i n g  the  c o n s t i t u e n t  elements  i n  s e a l e d ,  f u s e d - s i l i c a ,  5-mm 
1.d. x 10-mrn 0.d. ampules. The ampules were cleaned and etched i n  aqueous HF 
and annealed a t  1 1 5 0 ~ ~  i n  vacuum t o  remove r e s i d u a l  contaminants .  Square 
c ros s - sec t ion  ba r s  of 99.9999% pure Cd and Te were cu t  from l a r g e  i ngo t s .  The 
Cd b a r s  were etched i n  concent ra ted  HN03 and r e p r , , ~ e d l y  r i n sed  i n  methanol. 
The Te b a r s  were etched i n  Br2 and r epea t ed ly  r i n sed  i n  methanol. The ampules 
were loaded i n  a v e r t i c a l  p o s i t i o n  f i r s t  wi th  99.99999% pure Hg, then Te, and 
f i n a l l y  Cd. This  procedure prevented con tac t  between Hg and Cd i n  the 
presence of  a i r .  The anpules were evacuated and b a c k f i l l e d  with He s e v e r a l  
t imes  before  f i n a l  evacuat ion  and sea l ing .  Using the  above procedure,  l i t t l e  
o r  no wet t ing  occurred between the  ampule and t h e  a l l o y  dur ing  r e a c t i o n  of t h e  
elements. In  many cases ,  t h e  r eac t ed  a l l o y  would s l i d e  i n s i d e  t he  ampule. 
The va r ious  a l l o y  p repa ra t ions  used f o r  t!~e phase d i ag ran  de t e rmina t ions  
a r e  summarized i n  Table 1. As implied by tk-e t a b l e ,  a s u b s t a n t i a l  number of 
prepared ampules were d iscarded  f o r  v a r ' c ~ s  reasons.  Following a s e r i e s  of  
i n i t i a l  experimental  runs,  a c o n c e n t r a ~ e d  e f f o r t  was undertaken t o  i nc rease  
t he  f i l l  f a c t o r  (reduce the  free-volum-i of t h e  ampules. For t h i s  purpose,  a 
s e r i e s  of a l l o y s  was c a s t ,  t he  ampules were reopened, s o l i d  qua r t z  rods  were 
placed i n  the ampules, and the  anpules were r e sea l ed .  For t he  ampules 
con ta in ing  a l l o y  composi t ions of x = 0.1 and 0.2, t h e  rod d iameters  were 
4 nnn. For a l l o y  amposi t ions with x-valuts  of 0.3 t o  0.9, 5 -m diameter  rods ,  
e tched i n  concen t r a t ed  hydro f luc r i c  ac id  t o  achieve  c l o s e  f i t s ,  were used. 
With t h e  excep t ions  of t h e  0.1 and 0.2 a l l o y s ,  t h i s  s e a l i n g  procedure 
r epea t ed ly  resul . ted i n  ampule r u p t u r e s  a t  t h e  measurcsent tempera tures ,  and 
t h e  cause of t h e s e  f a i l u r e s  is  unclear .  
I n  subsequent p r e p a r a t i o n s  o i  a l l o y s  i n  the  high-x rangc, an i nc rease  of 
the  a l l o y  volume i n  t h e  ampule was used t o  i n c r e a s e  t he  ampule f i l l - f a c t o r .  
The al.loy c o n s t i t u e n t s  f o r  t he  ampules t h a t  served a s  samples f o r  t he  ma jo r i t y  
of t h e  measurements descr ibed  i n  t h i s  r e p o r t  a r e  l i s t e d  i n  Tsble 2. 
TABLE 1. ALLOY SAMPLES PREPAR-O FOR T HE PHASEDIAGRAM 
DETERMINATIONS. 
SImple Composition Quantity Comments t 
no. (XI  moles) 
0 ~ 7 6 M O  
* A - Used for preliminary experlrnentr D - Used for measurements reported here 
6 -Some st~ck,,~g of alloy to ampule E - 0.4 mm dlam rod sealed ~nsida after reacting alloy 
C - Ampu!e burs? F - As E, except that en HF+tchd~O.5-mm rod n s s  used 
TABLE 2. ELEMENTAL CONSTITUENTS OF ALLOYS USED FOR THE PHASE 
DIAGRAM DETERMINATION. MASS MEASUREMENT ACCURACY 
IS 20.56 mg. 
Stoichiometric Excurt 
Composition %I Cd Te %! He 
(XI (a) (9) (g) (!I) (ms) 
2.2  Experimental Method for Differential Thermal Analyses 
Differential thermal analysis (DTA) measurements were used for the 
determination of the phase equilibria temperatures. The experimental 
arrangement of the ampules in the DTA furnace is shown in Figure 1. 
An ampule containing the alloy sample is mounted end-to-end with a second 
ampule coaxially inside the 460-mm long isothermal furnace liner (Na heat 
pipe) and the 610-m long tube furnace. The second ampule contains antimony, 
which in addition to serving as the reference heat capacity provides a 
thermocouple calibration point for each experimental run. The ampules are 
held on axis by a quartz centering fixture (not shown in the figure). The 
annular volume between the ampules and a 25-mm 0.d. quartz tube is filled with 
powdered diatomaceous earth. The 25-mm tube is inside an Inconel tube, which 
prevents damage to the heat pipe and furnace in case of ampule failure. 
Both the alloy and Sb-reference ampules are fitted with a Pt-foil band 
-5-nnn wide and positioned near the middle of the ampule axially. The two 
junctions of a type-K differential thermocouple are secured to the bands. A 
separate iype-i!: thermocouple is secured to the band on the Sb-reference 
ampule. Each thermocouple lead extends to a copper junction maiiitlained in a 
triple-point-of-water celi. A block disgram of the furnace control and data 
acquisition instrumentation is shown in Figure 2. The temperature of the 
Sb-reference sample was monitored on the x-axis, and the differential 
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Fiwre 1. Experimental a r n g e m t  for differentid thermal rulyru rnerrurrmtntr. 
thermocouple output 9n the y-axis of an x-y recorder. Each graph-paper used 
for data recording was calibrated by drawing vertical lines at 1-mV intervals 
by driving the x-axis with a potentiometer (Leeds and Northrop model 8691). 
This potentiometer was in turn periodically checked against another 
potentiometer (Leeds and Nortnrop K-4) and verified to be accurate to within 
f20 uV. The output of a type-K thermocouple is approximately 40 ~Vldeg. 
Copper 
----- Chromel 
--- Aluml 
Triple-point- 
of.water cell 
1 
Programmer 
I - - 1  - %NO 
Figure 2. Electronic instrumentation for differential thermal rnalysir. 
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(for calibration)  
x-axis Vaxts 
-Pen-lift 
The temperature programmer al lows the furnace temperature t o  be changed 
a t  a  uniform r a t e  and turns  the  x-y recorder servo and pen- l i f t  on and o f f .  
The furnace p ro tec t ion  c i r c u i t ,  a  meter re lay  which d r ives  a  power re lay ,  
provides an add i t iona l  margin of s a f e t y  aga ins t  excess ive  furnace 
temperatures. 
A thermocouple c a l i b r a t i o n  f a c i l i t y ,  s i m i l a r  t o  tha t  described i n  NBS 
Circular  59012, using g raph i t e  c ruc ib les  and NBS reference  mater ia ls12 was 
constructed and used t o  c a l i b r a t e  thermocouple wire l o t s  used f o r  the 
measurements. The melting-temperature referent? mate r i a l s  were Zn, A l ,  and 
Cu. The melting temperature of t' 1 Sb-reference sample served a s  an i n t e r n a l  
c a l i b r a t i o n  temperature, and the  Sb melting point  was checked a t  l e a s t  once 
p r i o r  t o  each experimental run. 
2.3 D i f f e r e n t i a l  Thermal Analysis Resul ts  
Generally,  fo r  DTA measurements, the  output s i g n a l  from the  d i f f e r e n t i a l  
sensors  v a r i e s  d i r e c t l y  with the  heating/cooling r a t e s  used, i.e., high 
heat ing/cool ing r a t e s  y ie ld  l a r g e r  s i g n a i s  and thus b e t t e r  s i g n a l  t o  noise  
r a t i o s .  Measurements made a t  too high heating/cooling r a t e s ,  however, can 
s i g n i f i c a n t l y  a l t e r  the  d e t a i l s  of the DTA curves, thereby y ie ld ing  phase 
transformation temperatures t h a t  do not r e f l e c t  t r u e  equi l ibr ium values.  To 
assure  t h a t  heat inglcool ing r a t e s  used i n  t h i s  study were wi thin  the  al lowabie 
range, HgTe c a l i b r a t i o n  sample t e s t  runs were made a t  a  s e r i e s  of hea t ing  
r a t e s  (0.5, 1, 2, 3, 4, and S0c/min). The thermal a r r e s t  curves f o r  the 
variou- runs a r e  shown i n  Figure 3. The melting temperatures deduced from t h e  
heat ing curves a r e  within f 1 . 7 ' ~  of 669.5'~ f o r  the  d i f f e r e n t  heat ing r a t e s ,  
and the re  is no evidence fo r  systematic v a r i a t i o n  of the  onset  of thermal- 
a r r e s t  with heat ing ra te .  Because the maximum cooling r a t e  of the furnace a t  
or  below 670 '~  was about 3'~/min, a l l  a l l o y  heat ing and cool ing curves were 
recorded a t  a  r a t e  of 2O~/rnin i n  order  t o  enhance the d i f f e r e n t i a l  
thermocouple outputs  while allowing i d e n t i c a l  hea t ing  and cooling r a t e s .  
Alloy inhomogeneities broaden the range of temperatures over which 
transformations o ~ t u r  and thus introduce s i g n i f i c a n t  u n c e r t a i n t i e s  i n t o  t h e  
phase e q u i l i b r i a  temperatures a s  deduced from DTA. For t h i s  reason,  the 
samples were always rap id ly  quenched following cas t ing  and uniformly cooled 
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Figure 3. Rate dependence of thermal arrest for HgTe. 
after each DTA Tun tc reduce the possibility of preferential alloy segregation 
along the a tpule axis. To eliminate radial alloy inhomogeneities, the samples 
were annealed at temperatures, TI, just below their solidus values. To 
axcc taln the minimum annealing times required, samples with x = 0.1, 0.2, 0.8 
anu 0.9 were annealed for successively longer annealing times from 1 to 60 h, 
a d  a DTA run Wac made following each anneal. An increase in the annealing 
time from 1 to 15 h always resulted in a significaot sharpening of the DTA 
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curves  i n  t h e  v i c i n i t y  of t h e  apparent  s o l i d u s  tempera tures ,  vhich i n d i c a t e s  
t h a t  t he  annea l ing  e f f e c t e d  a l l o y  homogenization by d i f f u s i o n .  On t h e  o t h e r  
hand, t h e  changes caused by i n c r e a s i n g  t h e  annea l ing  time beyond 30 h  were 
u sua l ly  n e g l i g i b l e ,  a s  shown f o r  samples wi th  x = 0.1 and 0.2 i n  F igures  4 
and 5, r e s p e c t i v e l y ,  where TA and TL correspond r e s p e c t i v e l y  t o  t h e  annea l ing  
and l i q u i d u s  tempera tures ,  and t h e  symbols 1, 2, 3, and 4 des igna t e  t h e  DTA 
curves  t h a t  were obta ined  fo l lowing  annea l ing  t imes of 1, 15, 30 and 60 h, 
r e s p e c t i v e l y .  
DTA curves f o r  f u l l y  annealed samples wi th  x = 0.1, 0.2, 0.3, 0.4, 0.6, 
0.7, 0.8, and 0.9 a r e  shown i n  Figure 6, and t h e  c o l l e c t i o n  of me l t i ng  curves  
is shown i n  Figure 7. The h o r i z o n t a l  a x i s  shows the  measured Sb-reference 
ampule tempera ture ,  T, and the  v e r t i c a l  a x i s  g i v e s  d i f f e r e n t i a l  t empera tures ,  
S, f o r  t h e  a l l o y  ampule a s  measured wi th  r e spec t  t o  T. 
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Figure 4. Differential thermal analysis data for H~,gCdO,lTe. 
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Figure 5. Differential thermal analysis data for Hgo gCdo.pTe. 
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Figure 7. Hg,-,CdxTe rneltcllg curves as observed. 
Considering r a d i a t i o n  heat  t r a n s f e r  only,  t h e  hea t  balance  a t  t h e  o u t e r  
wall of the  sample ampule y i e l d s  
where TF, T1, and TS a r e  the  furnace ,  sample thermocouple, and sample 
temperatures,  r e s p e c t i v e l y ,  E E , and E a r e  the  furnace ,  sample, and q u a r t z  F' s P 
e m i s s i v i t i e s ,  r e s p e c t i v e l y ,  and rs and r a r e  thd inner  and o u t e r  r a d i i ,  9 
r e s p e c t i v e l y ,  of the  q u a r t z  ampules. The measured d i f f e r e n t i a l  thermocouple 
s i g n a l  i e  given by S = T1 - T. For s t eady-s ta te  cond i t ions  where t h e  furnace  
temperature inc reases  a t  a  cons tan t  r a t e ,  T = TF + P', where P' is a  
cons tan t .  Using the  approximat i o n s  
and 
Equation (1) yields 
4 
A first-order expansion in TIT and P'/T yields 
T * a l T + a 2 S - a  P', 
s 3 ( 5 )  
where al, a2, and a3 are functions of r /r rp/rS, and L ~ / o ~ .  
q 8' 
For HgTe the observed empirical correlation between T, S, and Ts is given by 
For CdTe also, a2 was found to be 2. In the case of a nonzero baseline, So, 
Ts is given by 
P is primarily the temperature drop across the ampule wall, but this term also 
includes thermocouple calibration corrections. In the absence of a phase 
transition, Ts = T + So - P, i.e., the sample temperature is equal to the 
reference thermocouple temperature plus the differential temperature minus the 
temperature drop across the ampule wall. 
For each sample, P was determined by the difference between the observed 
and actual melting points of the Sb-reference. The values measured for P 
using other calibration samples with known melting points ranged from 1.3'~ to 
3.4'~~ which agree reasonably with f inite-dif f erence calculations that include 
both radiation and conduction heat transfer. 
The solidus temperatures were determined by replotting the data of 
Figure 6 as a function of T, instead of T, using Equation (7). The solidus 
temperatures for 0.1 < x < 0.7 were determined by extrapolating the initial, 
straight-line part of the replotted melting curves to the extended baseline. 
For x = 0.8 and 0.9, the initial departure from the baseline was used because 
the melting curves had no straight-line sections even when replotted as 
functions of Ts. The liquidus points, In all caeee, were considered to be the 
temperatures at which the melting curves broke suddenly toward the baseline. 
The observed phase equilibrim data are listed in Table 3. 
TABLE 3. MEASURED PHASE-EQUILIBRIA DATA FOR Hgl.,Cd,T~. 
Observed Observed 
so so solidus liquidus 
Composition at solidus at liquidus P temperature temperature 
(XI (OC) (OC) (OC) (OC) (OC) 
0.1 0.5 -1.5 2.9 690 733 
0.2 0.4 -1.0 2.9 706 791 
0.3 1.4 0.7 2.9 727 841 
0.4 0.9 0.3 3.4 748 882 
Each ampul- conta ined  a smal l  f r e e  volune.  Because t he  p a r t i a l  vapor 
p re s su re  of Hg over  t h e  a l l o y  melt is much l a r g e r  than t h e  p a r t i a l  p r e s s u r e s  
of Cd and ~ e , ~ * ~ ~  t h e  p r e f e r e n t i a l  evapora t ion  of mercury i n t o  t he  ampule f r e e  
volume a l t e r s  both t h e  Telmetal  and Cd/Hg f r a c t i o n s .  A s  sugges ted  by t h e  
decrease  of t h e  b ina ry  HI-Te and Cd-Te l i q u i d u s  tempera tures  wi th  i n c r e a s i n g  
Te composi t ion immediately above t h e  50 a t . %  Te ~ o r n ~ o s i t i o n , ~ * ~ * ~ * ~ ~  an 
i n c r e a s e  i n  t h e  Te/metal f r a c t i o n  can s i g n i f i c a n t l y  a f f e c t  t h e  l i q u i d u s  
temperature.  The Cd-Te l i q u i d u s  tempera ture  dec reases  a t  m 10°c/at .% ~e~ * 6, 
and t h e  Hg-Te l i q u i d u s  tempera ture  dec reases  a t  1 . 2 O ~ l a t  .% Te. 3,15 
The fo l lowing  procedure was used t o  c o r r e c t  f o r  t he  smal l  Te-metal excess  
i n  t h e  melt caused by p r e f e r e n t i a l  evapora t ion  of Hg i n t o  t h e  anpule f r e e  
volume. Following the  c a s t i n g  of an a l l o y ,  t he  f r e e  volume was e s t ima ted  by 
measuring t h e  l e n g t h  of t h e  f r e e  space i n  t h e  anpule.  The amount of Hg i n  t h e  
gas phase was determined by us ing  s t e i n i n g e r ' s 7  empi r i ca l  r e l a t i o n s h i p  f o r  the  
Hg p a r t i a l  p r e s s u r e ,  P, given by 
where Po = 1 Pa and To = 7.149 K. The number of moles of Hg, n ~ ~ ,  remaining 
i n  t h e  melt was obta ined  by s u b t r a c t i n g  t h e  amount of Hg i n  t h e  vapor from t h e  
amount loaded i n t o  t he  ampule. The a c t u a l  Te/metal mole f r a c t i o n  i n  t he  melt  
a t  t h e  observed l i q u i d u s  tempera ture  is then  nTe/ (ngg + ncd + nTe),  where ncd 
and nTe a r e  r e s p e c t i v e l y  t he  number of moles of Cd and Te i n  t he  melt- The 
r e l a t i v e l y  smal l  amounts of  Cd and Te2 i n  t h e  vapor were n e g l e c t e d ,  and t h e  
v a l u e s  of nCd and nTe were assumed t o  be the sane as o r i g i n a l l y  placed in  the 
ampule. The c o r r e c t i o n s  t o  tl;e observed l i q u i d u s  temperatures  were t hen  
obta ined  from the exp re s s ion  
which is based on a  l i n e a r  i n t e r p o l a t i o n  between Hg-Te and Cd-Te of thc  r a t e  
of change of t h e  l i q u i d u s  temperature wi th  r e spec t  t o  t h e  Te concen t r a t i on  f o r  
Te mole f r a c t i o n s  s l i g h t l y  above 0.5. The measured f r e e  volumes, t he  
c a l c u l a t e d  atomic Te c o n c e n t r a t i o n s ,  t h e  e s t ima ted  tempera ture  c o r r e c t i o n s  f o r  
free-volume e f f e c t s ,  and t h e  c o r r e c t e d  l i q u i d u s  tempera tures  a r e  summarized i n  
Table  4. 
Table 5 l is ts  t h e  l i q u i d u s  and s o l i d u s  tempera tures  determined i n  t h i s  
i n v e s t i g a t i o n .  Table 5 a l s o  g ives  t h e  c o r r e c t e d  x-values based on 
x  nCd/(nCd + nHg). The phase diagram d a t a  a r e  p l o t t e d  i n  Figure 8. 
TABLE 4. FREE-VOLUME CORRECTION PARAMETERS AND CORRECTED 
LIQUIDUS T EMPERATURES. 
Capsule Liquidus Observed Corrected 
free temperature liquidus liquidus 
Cd wmpositim volume Te fraction correction ternpermre temperatun (XI (em31 (%I (OC1 (OC) (OC) 
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TABLE 5. LIQUIDUS AND SOLIDUS TEMPERATURES FOR Hgl.,CdxTe. 
N 0 m i ~ l  Actual composition Solidus Actual composition Liquidus 
composition at solidus temperature at liquidur temperature 
(XI (XI (OC) (XI (OC) 
CdTe fraction, x 
OPo301W.iI 
Figure 8. Hg~.xCd,Te phase diagram. 
2.4 E r r o r  Analys is  and Comparison with Previous Resu l t s  
The major recognized sources  of e r r o r  i n  the  phase diagram da t a  a r e  the  
thermocouple c a l i b r a t i o n s ,  t he  s u b j e c t i v i t y  i n  s e l e c t i n g  the  proper phase- 
t r ans fo rma t ion  p o i n t s  from the  DTA curves ,  and the  u n c e r t a i n t i e a  i n  the  ampule 
free-volume c o r r e c t i o n s .  
Because the  Sb mel t ing  poin t  (630.7'~) was user: t o  c a l i b r a t e  the  
thermocouples dur ing  each DTA run,  t h c  c a l i b r a t i o n  should be q u i t e  a c c u r a t e  
nea r  t h a t  temperature and decrease  i n  accuracy wi th  i n c r e a s i n g  temperature.  A 
type-K thermocouple c a l i b r a t e d  a t  630.7Oc should be accu ra t e  t o  w i th in  f2OC up 
t o  9 3 0 ~ ~ .  l6 I h e  measured mel t ing  temperature of a Ag s t anda rd  sample 
d i f f e r e d  from the  IPTS-68 va lue  of  930°c by no t  more t han  f 3 O ~  i n  t e s t s  o f  
t h r e e  d i f  f e r e n t  . hermocouple combinat ions used dur ing  the c o u r r s  of t h i s  
i n v e s t i g a t  on. Therefore ,  t h e  exp re s s ion  3(T  - 63i0c)  /(930-631\ was used a s  
t h e  c a l i b r a t i o n  u n c e r t a i n t y  a t  temperature T, which is  e q u i v a l e n t  t o  ai2 
u n c e r t a i n t y  a t  t h e  Ag mel t ing  po in t  of 3 .3 '~  and is  cons idered  adequate t o  
i nc lude  any graph-paper c a l i b r a t i o n  e r r o r s  a s  we l l  a s  thermocouple c a l i b r a t i o i l  
e r r o r s .  For each sample, t h e  c a l c u l a t e d  u n c e r t a i n t i e s  a r i s i n g  from t h e  
tempera ture  measurement u n c e r t a i n t i e s  a r e  l i s t e d  i n  Table 6. 
TABLE 6. UNCERTAINTIES OF THE SOLIDUS AND LIQUIDUS TEMPERATURES. 
Solidus temperatures 
Reading 
Tompratuw DTA 
Composition calibration curve Total 
- 
(XI (OC) (OC) (OC) 
0.1 0.6 1 .O 1.6 
0.2 0.8 1 .O 1.8 
0.3 1 .O 1 .O 2.0 
0.4 1.2 1 .O 2.2 
Liquidus temperatures 
Reading Free 
Temperature DTA volume 
calibration curve effect Total 
(OC) l0C) (OC) (OC) 
1 .O 3.0 0 4 .O 
1.6 1 .O 0 2.6 
2.1 1 .O 0.1 3.2 
2.5 1 .O 0.3 3.8 
The second source of e r r o r  is i n  de termina t ion  of t he  c r i t i c a l  p o i n t s  of 
t h e  DIA curves. For t h e  s o l i d u s  po in t s ,  t h e  e x t r a p o l a t i o n  of t h e  S vs Ts 
curve t o  t he  base l ine  f o r  a l l o y s  wi th  0.1 < x ( 0.7 and the  choice  of t h e  
onse t  of dev ia t i on  from the  b a s e l i n e  f o r  a l l o y s  with x  = 0.8 o r  0.9 a r e  
sonewhat sub jec t ive .  S imi l a r ly ,  t h e r e  were u n c e r t a i n t i e s  i n  i d e n t i f y i n g  the  
l i q u i d u s  poin ts .  The l a t t e r  u n c e r t a i n t i e s  were about  1% except  f o r  t h e  
x = 0.1 s a ~ p l e ,  f o r  which the  l i q u i d u s  onse t  occurred where t he  curve had a  
very s t e e p  s lope ,  and f o r  t he  x  = 0.8 and 0.9 samples, f o r  which the  sha rpnes s  
of t h e  l i q u i d u s  onset  was somewhat more rou3ded a s  shown i n  Figure 6. 
Est imates of s u b j e c t i v i t y  i n  reading  the  DTA curves a r e  g iven  i n  Table 6 under 
t h e  columns headed "Reading DTA Curve." 
The u n c e r t a i n t i e s  l i s t e d  f o r  t he  free-volume c o r r e c t i o n s  a r e  252 of the  
t o t a l  f r e e -  olume c o r r e c t i o n s .  
Pic tota: a n c e r t a i n t i e s  l i s t e d  i n  Table 6 a r e  the  sums of t h e  i n d i v i d u a l  
u n c e r t a i n t i e s  and a r e  be l i eved  t o  r ep re sen t  t h e  maxicum p o s s i b l e  e r r o r s  i n  t h e  
reportec! phase-equi l ibr ia  temperatures  . 
The s o l i d u s  and l i q u i d u s  tempera tures  a r e  compared with t h e  r e s u l t s  of 
prev ious  i n v e s t i g a t i o n s  i n  Figure 9. The da t a  of Ray and spencer17 and B l a i r  
and ~ e w n h a m ' ~  were der ived  from DTA measurements.   arm an's'^ da t a  a r e  from 
chemical ana lyses  of f i r s t - t o - f r e e z e  reg ions  of no l t en  a l l o y  samples. 
s t e i n i n g e r * s 7  da t a  were der ived  from thermal  ana lyses  of samples i n  a high-  
p re s su re  appara tus  . 
A DTA measurement tends t o  y i e l d  t.30 low a  s o l i d u s  tempera ture  f o r  a  
given x  because of p o s s i b l e  inhomogeneit ies  i n  t h e  sample. The i n h e r e n t  e r r o r  
of t h e  f i r s t - t o - f r e e z e  method tends  t o  y i e l d  too  low an x va lue  f o r  a  g iven  
temperature.  Therefore,  on a  temperature-composition p l o t ,  a s o l i d u s  curve  
determined by the  f i r s t - t o - f r e e z e  compoc i t i o n s  should f a l l  a t  o r  abcve t h e  
t r u e  curve ,  and a s o l i d u s  curve determined by DTA measurements should f a l l  a t  
o r  below the  t r c e  curve. The p re sen t  DTA d a t a  e s t a b l i s h  a  s o l i d u s  curve t h a t  
nzar ly  co inc ides  with the  lower l i m i t  of Harman's f i r s t - t o - f r e e z e  d a t a ,  and 
t h e  two independent s e t s  of da t a  thus  a r e  co r robora t ive .  
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Figure 9. Comparison of present phoracquilikia data with previous results. 
For most c3mposi t ions,  t h e  s o l i d u s  and l i q u i d u s  tempera tures  determined 
by t h i s  i n v e s t i g a t i o n  a r e  much l a r g e r  than t h o s e  r epo r t ed  by Ray and 
spencer.17 A p o s s i b l e  exp lzna t inn  f o r  t he  desc repanc ie s  is  advanced in  
Reference 20. 
2.5 Liguid-Sol id  Equil ibr ium Parameters  
The e q u i l i b r i a  tempera tures  i n  Table 5 were used t o  c a l c u l a t e  t h e  
tempera ture  and composi t ion dependence of t h e  l i q u i d l s o l i d  i n t e r f a c e  
d i s t r i b u t i o n  c o e f f i c i e n t ,  k(T) = xS(T)/xL(T), where xS and xL a r e  t h e  s o l i d u s  
and l i q u i d u s  composi t ions,  r e s p e c t i v e l y .  l o  f a c i l i t a t e  t h e  c a l c u l a t i o n s ,  
a n a l y t i c a l  exp re s s ions  were developed f o r  xS (T) /xL(T) . Reasonably good f i t s  
t o  t h e  phase diagram d a t a  were g iven  by t h e  fo l lowing  f u n c t i o n a l  forms: 
S 
x (T) = C1 s i n  (; T*)+ c2 sin(; T*lI2)+ .,loglo (" - 56i80"" + C ~ T *  112 
412 C ( 1 ~ )  
and 
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where T* = (T - 6 7 ~ O ~ ) / 4 1 2 ~ ~  and t h e  Ci and Di a r e  f i t t i n g  cons t an t s .  The 
va lues  of the  c o n s t a n t s  g iv ing  t h e  b e s t  f i t s  a r e  given i n  Table  7. The s o l i d  
curves  drawn i n  Figures 8 and 9 a r e  p l o t s  of Equations (10) and (11). The 
S c a l c u l a t e d  va lues  of k(T) a s  f u ~ c t i o n s  of tempera ture  and x (T) a r e  shown, 
r e s p e c t i v e l y ,  i n  Figures 10 and 11. The f a i l u r e  of k(T) t o  go through t h e  
poin t  (T, k)  = (t70°c, 1) o r  t h e  poin t  (xS, k )  = (0, 1) is an  a r t i f a c t  of t h e  
s o l i d u s  f i t  shown i n  Figure 8. 
TABLE 7. BEST VALUES FOR THE FITTING CONSTANTS Ci AND Di. 
600 700 800 900 lo00 1100 
Temperature (OC) 
GPO341W.10 
Figure 10. Temperature dependence of the interfaca distribution coefficient 
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Figure 11. Composition dependence of the distribution coefficient 
To compare the  observed DTA s i g n a l s  with those  expected from the a l l o y  
p r o p e r t i e s ,  t h e  equ i l i b r ium l i q u i d  f r a c t i o n ,  H=(T),  was determined by us ing  
t h e  l e v e r  r u l e ,  %(T) = [ x S ( ~ )  - no] / [ r S ( ~ )  - x L ( ~ ) ] ,  and the a n a l y t i c a l  
exp re s s ions  U£ Equations (10) and (11) f o r  xS and xL. The temperature and 
composi t ion dependences of ML(T) a r e  shown i n  Figure 1 2 ,  and t h e i r  temperature 
d e r i v a t i v e s  a r e  shown i n  Figure 13. Figure 14 shows t h e  observed normalized 
DTA s i g n a l s  f o r  the  va r ious  a l l o y  composi t ions.  A comparison of t h e  r e s u l t s  
shown i n  Figure 1 4  wi th  t h e  r e s u l t s  i n  Figure 1 3  shows a one-to-one 
c o r r e l a t i o n  between the  r e l a t i v e  a~agn i tudes  of t h -  DTA s i g n a l s  an3 'he  
v a r i a t i o n  of  d ~ ~ / d T  wi th  composition. In p r i n c i p l e ,  i t  t h e  hea t  t r a n c f e r  
c h a r a c t e r i s t i c s  of t h e  fu rnace / sanp le  system a r e  we l l  know', t h e  composi t iona l  
S and temperature v a r i a t i o n s  of dML/dT and thus  ML(x , xL, xo) can  be  c a l c u l a t e d  
from the measured t h e r a a l  a r r e s t  cu rves  and v i c e  ve r sa .  Approximate hea t  
t r a n s f e r  c a l c u l a t i o n s  were performed, and i n  g e n e r a l ,  Lhe c a l c u l a t e d  and 
observed DTA curves  f o r  the  v a r i o u s  a l l o y  composi t ions were comparable. 
However, t h e  d e c a i l e d  f e a t u r e s  of  t h e  c a l c u l a t e d  curves  were s e r ~ s i t i v e  t o  
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small variat ions  i n  the values of the h e ~ t  transfer  parameters, some of which 
are not prec i se ly  known. Fleaningful d e c o t ~ o l u t i o n s  of the measured DTA curves 
would require a prec i se  thermal model for  the sample/furnace system- 
600 700 800 900 1000 1100 
Temperature (OC) 
Figure 12 Temperature dependence of the alloy liquid fraction for various alloy compositions. 
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Figure 13. The temperature dependence of the rate of change with respect to temperature of the alloy liquid 
fraction for various alloy compositionr 
-2 
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OPOS475044 
Figure 14. Compoaitio~l variation of the observed DTA signals 8s functions of sample tampratura 
3.  PHASE E Q U I L I B R I A  CALCULATIONS 
I t e r a t i v e  phase -equ i l i b r i a  c a l c u l a t i o n s ,  based on t h e  r e g u l a r  a s s o c i a t e d  
s o l u t i o n  (R.A.S.) t heo ry  ' r 2  were performed, and a  s e t  of R.A.S. parameters  was 
obta ined  by s imul taneous ly  l e a s t - s q u a r e s - f i t t i n g  t h e  binary3-6 and 
pseudobinary phase diagrams. Using the s e t  of R.A.S. parameters ,  the  
a c t i v i t i e s  and p a r t i a l  p r e s su re s  of Hg, Cd, and Te vapor over  pseudobinary 
me l t s  were c a l c u l a t e d .  
3.1 T h e o r e t i c a l  Model 
The term, r e g u l a r  s o i u t i o n ,  was used by Hildebrand21 t o  d e s c r i b e  mixtures  
whose behavior  was found expe r imen ta l l y  t o  have c e r t a i n  r e g u l a r i t i e s ,  and t h e  
d e f i n i t i o n  of the  term is e s s e n t i a l l y  empi r i ca l .  Subsequently,  Guggenheim 2  2  
used the  term t o  d e s c r i b e  any mixture  of molecules  f o r  which t h e  en t ropy  i s  
t h a t  of an i d e a l  s o l u t i o n  but  f o r  which t h e  in te rchange  energy is not zero.  
The in te rchange  energy is r e l a t e d  t o  t h e  nearest-neighbor pa i rw i se  i n t e r a c t i o n  
e n e r g i e s  between atoms. Subsequently,  ~ o r d a n l  cons idered  the  consequences of 
t he  a s s o c i a t i o n  of type  A and type  B atoms i n  t h e  l i q u i d ,  i .e. ,  t h e  e x i s t e n c e  
of AB s p e c i e s ,  and developed a thermodynamic d e s c r i p t i o n  f o r  such l i q u i d  
s o l u t i o n s .  He termed h i s  fo rmula t ion  t h e  r e g u l a r  a s s o c i a t e d  s o l u t i o n  (R.A.S.) 
theory .  We assumed t h a t  t he  b ina ry  a l l o y s  Hgl,,TeX and Cdl,,TeX, and hence 
the  t e r n a r y  Hg-Cd-Te a l l o y s ,  a r e  r e g u l a r  a s s o c i a t e d  s o l u t i o n s ,  and used 
Jordan ' s  formalism, a s  extended t o  t e r n a r y  a l l o y  systems by ~ z a p i r o , ~  t o  
determine t h e  p e r t i n e n t  thermodynamic phase -equ i l i b r i a  parameters  f o r  t h e  
a l l o y  system. 
I n  t h e  con tex t  of t h e  R.A.S. t heo ry ,  t h e  l i q u i d u s  and s o l i d u s  t e r n a r y  
equa t ions  f o r  an ABC t e r n a r y  system a r e  g iven  by2: 
and 
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where: 
Y = mole f r a c t i o n  of complex BC i n  t h e  s o l i d  phase, 
X I ,  x2, x3 = atom f r a c t i o n s  of A y  B y  and C, r e s p e c t i v e l y ,  
XAC, XBC = mole f r a c t i o n s  of AC and BC i n  t he  l i q u i d  phase, 
T = a b s o l u t e  tempera ture ,  
AS1, AS2 = e n t r o p i e s  of f u s i o n  of t he  b ina ry  systems AC and BC, 
AHl ,  AH2 - h e a t s  of f u s i o n  of  t h e  b i n a r y  systems AC and BC, 
R = the un ive r sa l  gas c o n s t a n t ,  
a 1 = t he  i n t e r a c t i o n  parameter f o r  t h e  l i q u i d  b i n a r y  
system AC, 
a 2 = t he  i n t e r a c t i o n  parameter  f o r  t he  l i q u i d  b ina ry  
system BC, 
w = the  i n t e r a c t i o n  parameter between s p e c i e s  A and B, 
and 
W = the  i n t e r a c t i o n  parameter between s p e c i e s  AC and BC 
i n  t h e  s o l i d .  
A s t e r i s k s  denote the s tandard  s t a t e s  of the  l i q u i d  phases ( s t o i c h i o m e t r i c  
composi t ions i n  t h e  b ina ry  systems AC and BC). The i n t e r a c t i o n  
parameters  a a 2 ,  u Y  and W a r e  r e l a t e d  t o  the in te rchange  ene rg i e s  f o r  t he  
va r ious  pa i rw i se  i n t e r a c t i o n s  . 
For t h e  A1,,Cx b ina ry  ca se ,  y = 0, x2 = 0, and x l  + x3 = 1. L e t t i n g  x = xg, 
Equation (12) f o r  t h i s  ca se  reduces  t o  
where 
and u is  given i n  terms of the temperature-independent e q u i l i b r i u n  constant ,  
K, by 
The parameter B is defined by Equation (17) and is a measure of the degree of 
a s soc ia t ion  i n  the l i q u i d .  For a completely associa ted  s o l u t i o n ,  K = 0, and 
thus B = 0. When the  s o l u t i o n  is completely d i s soc ia ted ,  K - 0  and B = 1. The 
a c t i v i t i e s  of the  spec ies  a~ and ac  f o r  the  b inary  melt a r e  given by 
aA = xA yA - xA exp [~k] - 
and 
where y and y are  the  a c t i v i t y  c o e f f i c i e n t s ,  A C 
and 
For the pseudobinary c u t ,  x = 0.5 = xl + x2,  3 s o  t h a t  Eguations (12) and (13) 
become 
X AC AH, + ux,(l - 2x1)  AS^] 
AC R 
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and 
where 
L b 
"sc = 
u2 + X~ 
' 
and a ( Z  x + x ) is t h e  s o l u t i o n  of t he  cubic  equa t ion  AC BC 
The parameters  K (AC) and u2(BC) a r e  def ined  by Equation (171, and the  1 
parameters  x* (i = A, B) a r e  de f ined  by Equation (16). 
rC 
The a c t i v i t i e s  aA, aB,  and % f o r  t he  pseudobinary mel t  a r e  given by t h e  
exp re s s ions  : 
and 
where yA,  yB,  and yC a r e  t h e  a c ~ i v i t y  c o e f f i c i e n t s  g iven  by 
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and 
r o l x 1 2  + a,,xq2 + (a ,  + a,, - W) X.X-1 
3.2 Regular Associated So lu t ion  Parameters  f o r  t he  HRCdTe Alloy System 
The R.A.S. parameters  a  a2, K K ~ ,  W ,  and W f o r  t he  HgCdTe a l l o y  
system were determined by s imul taneous ly  l e a s t - s q u a r e s - f i t t i n g  t h e  meta l - r ich  
segnents  of t he  b ina ry  l i q u i d u s  curves3d and the  pseudobinary (F igure  8) 
phase diagram. To f a c i l i t a t e  t h e  computat ions,  Equat tons (22) and (23) were 
r e w r i t t e n  i n  t he  fo l lowing  forms: 
and 
A H 2  + wx (1 - 2 x 2 )  - W (1 - y )  2 
T = 1 = T 3 ' (34)  
These equa:ions and Equation (14) were then f i t t e d  t o  t he  exper imenta l  d a t a  t o  
ob t a in  t h e  b e s t  va lues  of the  parameters  by minimizing t h e  sum: 
Hg CdTe IJgcdTe) + (T:;~d~e 
- Ti(e) 
The symbols c and e des ignate ,  r e spec t ive ly ,  the ca lcu la ted  and experimental 
values.  
Table 8 lists the ca lcu la ted  values of the parameters a s  wel l  a s  the 
pe r t inen t  thermodynamic q u a n t i t i e s  used i n  the  c a l c u l a t i o n s .  
Table 9 ind ica tes  the r e l a t i v e  accuracy of the f i t  to  the measured 
pseudobinary data.  The ca lcu la ted  mole f r a c t i o n s  of the var ious  spec ies  and 
complexes a s  funct ions  of the  eol idus  temperature a r e  given i n  Table 10 t o  
i l l u s t r a t e  the  r e l a t i v e  e f f e c t s  of a s soc ia t ion  on the  Hgl-,Cd,Te so lu t ions .  
TABLE 8. RAS. PARAMETERS AND THERMODYNAMIC DATA FOR THE Hg-Cd-TO 
SYSTEM. 
K1 = 0.9716 AS1 = 9.2 e.u. = 38.5 Jlmol K ( ~ )  
a1 = 953.0 callmol = 3.987 kJ1mol A% = 8.9 e.u. = 37.2 Jlmol K ( ~ )  
K2 = 0.1201 AH1 = 8675.6 callmol = 36.299 kJ1mol 
42 = 9051 callmol = 37.87 kJ/mol AH2 = 1201 2 callmol = 50.258 kJ1mol 
o = 971.7 cal/mol = 4.066 kJ1mo1 Tf, = M 3  K(') 
W = 836.0 cal/mol = 3.498 kJ/mol Tt2 = 1365 Kb) 
('A. h g i e r ,  Rwue de Physique Appliquw 8, 259 (1973). 
(b)~hr s u k r i p t  1 refers to HgTa md the subscript 2 refers to m e .  
TABLE 9. A COMPARISON OF  EXPERIMENTAL 
AND CALCULATED TEMPERATURES 
FOR Hgl.xCd,Te. 
The quantltles des~gnated by t m e  calculated 
usino Equat~ons (33) and 134); the parameters are glven 
In Table 8. 
TABLE 10. MOLE FRACTIONS OF SPECIES I N  LIQUID 
PHASE AS FUNCTIONS OF LIQUIDUS 
TEMPERATURE. 
3.3 Component P a r t i a l  Pressures over t>e Pseudobinary Melt 
Following ~ o r d a n , * ~  the  p a r t i a l  pressures  of the components over the 
pseudoblnary melt can be r e l a t e d  t o  the a c t i v i t i e s  by the  express ions  
and 
0 0 
where PHg, POCd, and PTe a r e  the vapor pressures  wJer the standard s t a t e s  and 
2 the  respect ive  a c t i v i t i e s  aHg, aCd, and a~~ a r e  given by Q u a t i o n s  
(27-29). Using Equations (36-38) and the  parameters of Table 8, the  component 
p a r t i a l  pressures  were calculsq*=d a s  funct ions  of the  l iqu idus  temperature, 
and the r e s u l t s  a r e  summarized i n  Table 11 and Figure 15. Figure 16 
i l l u s t r a t e s  the  temperature v a r i a t i o n  of the  Hg par.ia1 pressure  over the  
pseudobinary melt a s  a funct ion of the  Cd f rac t ion .  The ca lcu la ted  Hg p a r t t a l  
pressures  a r e  i n  reasonable agreement with Ste ininger ' s  experimental 
resul ts . '  However, the  v a l i d i t y  of the  ca lcu la ted  R.A.S. pbT,?Ci:t . i  values  and 
thus the  ca lcu la ted  p a r t i a l  pressures  a r e  s e n s i t i v e l y  dependent upon 
assumptions concerning the  melt composition. FOA- example, the  de r iva t fon  of 
Equations (12) and ( l j j  assumes n e g l i g i b l e  Hg-Hg, Cd-Cd, and Te-Te 
a s s o c i a t ~ o n e  i n  the  melt. The v a l i d i t y  of a t  l e a s t  the  l a s t  of t h e  
assumptions is highly suapect. 
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TABLE 11. CALCULATED COMPONENT PARTIAL PRESSURES OVER THE 
Hgl-xCdxTe MELT AT THE LIQUIDUS TEMPERATURE. 
po (a) pa (b) po (cJ 
T~ Composition aHg a ~ d  'Te H9 Cd Te2 P ~ 9  pa P ~ e 2  
(KJ (XI (atnc) (atm) (atm) (atm) (atm) (am) 
- - - - -- - - 
Values In parentheses correspond to Ste~n~nger's expertmental results (Ref 7i 
P&. P& and POTe2 represent the vapor pressures over the elemental melts 
3080 (a) PO was obta~ned from the equation, loglOp~g (arm) = 4.891 - G, w h ~ c h  glves P&, w ~ t h  an accuracy of better than Hs 
1% IS. S u ~ u a r a e t  al., Bull. Jap. Soc. Mech. Eng. 5. 711 (196211. 
Ib)  PO was obta~ned from the equatton. M~,,,P~~ Iatml 5.105 - 5300 w h ~ c h  glues P& wtth an accuracy of better than Cd T(KI '  
0.5% [D.R. St-111 and G.E. S~nke, Thermodynam~c Propert~es of the Elements. (Am. Chem. Soc., Wash~ngton, D.C. 1956)l 
5960 [An. N. Nesmeyanov, Vapor Pressure of  (c )  p?e2 was obtamed from the equ?tlon, 1 0 g 1 0 ~ ~ e 2  (arm) - 4 7191 -  
TfKt 
the Elemrnt_s (Academ~c Press. New York. 196311. GPO3.0iSO.12 
Calculated 
1 I 1 I T I - 
- 
h 
- 
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Figure 15. Component partial pressures over the Hgl-,Cd,Te melt. 
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F i r n  16. The tonwmtun variation of Hg partid pntvn  o m  h e  Hgt.xCdxTe mh 
a r function of Cd fmction. 
4 .  HIGH-TEMPERATURE-GRADIENT DIRECTIONAL SOLIDIFICATION 
4.1 Alloy P repa ra t ion  
Hgo.8Cdo.2Te a l l o y s  were prepared by r e a c t i n g  99.9999% pure e l emen ta l  
c o n s t i t u e n t s  i n  s e a l e d ,  evacuated,  fused-quartz  tubing.  The tubing  dimensions 
were 5-mm i.d. x 10-mm 0.d. To prepare  an anpule ,  t he  end of the tub ing  where 
s o l i d i f i c a t i o n  was t o  begin was tapered  t o  a  poin t  t o  enhance the  p r o b a b i l i t y  
of s i n g l e - c r y s t a l  growth. For t h e  i n i t i a l  experiments ,  a  5-mm i.d. x 10-mm 
0.d. qua r t z  tube was fused t o  t h e  tapered  end of t h e  ampule t o  s e r v e  a s  a  
coupl ing  s l e e v e  t o  a  5-nrm diam quartz-rod p e d e s t a l ,  which supported the  ampule 
dur ing  the  growth process .  This  coupl ing  arrsngement was s u s c e p t i b l e  t o  
mechanical f a i l u r e ,  and a f t e r  s e v e r a l  f a i l u r e s ,  a  c o n f i g u r a t i o n  was used i n  
which a  4-mm diameter  s i l i c a  rod is  fused d i r e c t l y  t o  t h e  tapered  end of t h e  
ampule. The s o l i d  s i l i c a  rod i n s e r t s  i n t o  a  5-rn i.d. s i l i c a  tube,  which 
s e r v e s  a s  a  pedes t a l .  
Following f a b r i c a t i o n ,  t h e  ampules were cleaned thoroughly,  wi th  t h e  
f i n a l  c l ean ing  being done wi th  a d i l u t e  HF s o l u t i o n ,  evacuated,  and baked a t  
1150°c. The ampules were loaded with p r e c i s e l y  weighed amounts of Hg, Cd, and 
Te. Following loading ,  t h e  ampules were s e a l e d  and t h e  a l l o y s  were c a s t  a s  
desc r ibed  i n  Sec t ion  2.1. 
A l toge the r ,  12 c rys ta l -growth  ampules (Ll-L12) con ta in ing  a l l o y s  wi th  x = 
0.2 were prepared.  The ampules 21-L5 conta ined  s t o i c h i o m e t r i c  p ropor t i ons  of 
t h e  c o n s t i t u e n t  elements .  The a l l o y  p r e p a r a t i o n s  y i e lded  h igh ly  p-type i n g o t s  
because of t he  Te exces s  i n  t h e  melt  caused by t h e  p r e f e r e n t i a l  Hg evapora t ion  
i n t o  t he  ampule f r e e  volume. For ampules L6-L12, excess  mercury was added t o  
compensate f o r  t he  p r e f e r e n t i a l  mercury evapora t ion .  Ampules L1, L2, and L 8  
f a i l e d  dur ing  c a s t i n g .  Ampules L9, L10, and L11 showed we t t i ng  of t h e  ampule 
wal l  by the  a l l o y ,  and they were d i sca rded .  
4.2 Experimental Arrangement and Procedures f o r  U n i d i r e c t i o n a l  C r y s t a l  Growth 
The p r e c a s t  a l l o y s  were regrown by u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  i n  t h e  
growth appa ra tus  i l l u s t r a t e d  i n  F igure  17. The ampule is mounted, wi th  i t s  
t ape red  end down, a t o p  a  q u a r t z  p e d e s t a l  and remains s t a t i o n a r y  du r ing  t h e  
growth process .  Two r e s i s t i v e l y  hea t ed ,  t u b u l a r  fu rnaces  provide  f o r  t h e  
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Figure 17. Bridgmn crystalgrowth furnace assembly. 
temperature con t ro l  of the  hot  and cold zones. The furnace assembly t r a v e l s  
upward on v e r t i c a l  ways s o  t h a t  t h e  c r y s t a l  grows progress ively  upward from 
the  bottom, tapered end of the  ampule. Each furnace is provided with a heat- 
pipe isothermal furnace l i n e r  t o  provide two well-defined heated zones. The 
hot-zone heat-pipe is sodium-charged, and the  cold-zone heat-pipe is e i t h e r  
sodium o r  mercury charged depending on the  temperature requirements. The 
heat-pipes a r e  separated by a heat  b a r r i e r .  Besides providing the  necessary 
thermal i s o l a t i o n  between the  heated zones, the  b a r r i e r  a l s o  provides a semi- 
adiabatic region. The barrier consists of 4-arm thick zirconia-felt or various 
thicknesses of flre-brick disks sandwiched between two 25-vm thick polished 
platinum foils on the hot side and two 25-vm aluminum foils on the cold 
side. The diameter of the circular opening in the heat barrier is 12-mm to 
accept 10-mm diameter ampules. 
Prior to a given growth run, a dummy ampule with an attached thermocouple 
is placed in the upper zone of the furnace, and the two heated-zone 
temperatures are raised to their desired values. The furnace assembly is 
translated upward, and the thermocouple output is recorded as a function of 
furnace position to establish the temperature variation along the furnace 
assembly axis. The furnaces are then cooled to ambient temperature, the 
growth ampule is positioned in the upper zone, and the zone temperatures are 
increased to the previous values. Prior to growth initiation, the molten 
alloy is maintained at temperature for 24 h to assure melt homogenization. 
4.3 Bridnman Crystal Growth Runs 
Crystal growth runs were completed for ampules L3, L4, L5, L6, and L7 at 
furnace translation rates of 0.597, 1.12, 5.62, 0.310, and 0.068 vmls, 
respectively. The longitudinal temperature profiles in the furnace at the 
initiation of growth of ingots L3 and L4 are shown in Figures 18 and 19, 
respectively, and the furnace profile for ingots L6 and L7 is shown in Figure 
20. 
The recrystallized ingots were removed from the ampules by dissolving the 
quartz in concentrated HF. Sample L5 showed excessive wetting between the 
ampule and the ingot and was not evaluated further. The remaining ingots were 
sliced into wafers by a wire saw for characterization. 
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Fiwre 18. Temperature profile of crystalgrowth furnace during 
growth of ingot L3. 
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Figure 19. Temperature profile of crystal-growth furnace during growth of ingot L4. 
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Figure 20. Temprnture profile of crystalgrowth furnace during 
growth of ingotr L6 a d  L7. 
4.4 Ingot Character iza t ion 
4.4.1 Determination of Alloy Composition by Mass Density Measurements 
The c r y s t a l  l a t t i c e  spacing of the Hgl,,CdXTe a l l o y s  v a r i e s  s o  l i t t l e  
with x t h a t  i t s  measurement cannot be used read i ly  t o  c a l c u l a t e  p rec i se  values  
i o r  the  compositions of specimens. For t h i s  study,  the average x-values of 
s l i c e s  t ransverse  to  the growth a x i s  were ca lcu la ted  from the  measured mass 
d e n s i t i e s  and values of the c r y s t a l  i a t t i c e  constant  published by Woolley and 
Ray. 2 4 
The l a t t i c e  constant  da ta  of Woolley and Ray can be represented by the  
cubic equation 
where a. is  the cubic l a t t i c e  constant  i n  nanometers and x is the  mole 
f r a c t i o n  of CdTe i n  the Hgl-,CdxTe a l loy .  There a r e ,  on the  average, 4x Cd 
acons, 4(1-x) Hg atoms, and 4 Te atoms i n  each cubic u n i t  c e l l .  Thus, the  
l a t t i c e  constant  is re la ted  t o  the mass dens i ty ,  om, by the  express ion 
where MCd, MHg, and MT, a r e  the  atomic masses of Cd, Hg, and Te, 
respect ively .  For a given dens i ty ,  the value of x can be determined by 
simultaneously solving Equations (39) and ( 4 0 ) .  
The mass densi ty  of a specimen was determined by obta ining its weight, 
W, i n  a i r  and i t s  weight, Ww, when i t  is immersed i n  water. The specimen 
dens i ty  is given by the  r e l a t i o n  
where pw is the  mass dens i ty  of water and p is the mass dens i ty  ~f a i r .  a 
Near x = 0.2, an uncer ta in ty  of 0.0022 g/cm3 i n  p m  l eads  to  an 
uncer ta in ty  of about 0.001 i n  c a l c u l a t i n g  x .  The uncer ta in ty  i n  p can be 
m 
approximated by 
where AWa, AWw, and Apw a r e  the u n c e r t a i n t i e s  i n  Wa, Ww, and pw, 
respect ively .  Because AWa and Apw a r e  usual ly  much smaller  than AWw, 
2 2 
pm AWw Pm AWW Pm AWw 
a a-a- 
wa - W w  w a p w  W *  
a 
The uncer ta in ty  i n  x, Ax, i s  thus given by 
where the  dens i ty  is i n  the  u n i t s  of g/cm3. For specimens t h a t  weigh about 
0.5 g, AWw must be l e s s  than 0.00002 g t o  give x t o  wi thin  f0.001. 
The method described by Bowman and was used f o r  the mass 
dens i ty  determinations.  The Hgl,,CdXTe specimen is immersed in  water, and the  
water is boi led  b r i e f l y  t o  e l iminate  gases d issolved i n  the water and t o  r i d  
the specimen of minute a i r  bubbles t h a t  may be sorbed. After  the sample and 
the  water have cooled t o  room temperature, the  weight of the immersed specimen 
is measured with a balance t h a t  weighs with a p rec i s ion  of fO.OOOOO1 g. 
However, the precis ion of the weight determination i n  water is much poorer 
than t h i s  because of the surface-tension forces  upon t h e  0.013-mm diam wire 
t h a t  is used t o  suspend the specinen from the balance arm. Some of the 
suspension wires t h a t  were prepared permitted the  weight i n  water t o  be 
determined with an accuracy of fO.OOOO1 g,  but usual ly  an accuracy of only 
i0.00002 g is  achieved. To do s i g n i f i c a n t l y  b e t t e r  r equ i res  an inord ina te  
amount of time. 
ORIGINAL PWGZ 13 
OF POOR Q'JALIV  
The fo l lowing  exp res s ion ,  from Reference 22, was used t o  c a l c u l a t e  the  
d e n s i t y  of  t h e  water  i n  which t h e  sample i s  i m e r s e d :  
In t h i s  exp re s s ion ,  tw  is  t h e  water  temperature i n  OC, C i s  t h e  
c o m p r e s s i b i l i t y  of water  (C = 471 x 10-l2 pa"), B i s  the  barometr ic  p re s su re  
i n  Pa, I i s  t h e  depth  of  i m e r s i o n  of  t h e  sample i n  water i n  m, and D i s  t h e  
number of days e l apsed  s i n c e  t he  water  was bo i l ed .  Af te r  the  measurement i n  
water ,  t h e  specimen i s  d r i e d  and weighed i n  a i r  wi th  t h e  same ba lance .  The 
mass d e n s i t y  of a i r  is  c a l c u l a t e d  from t h e  fo l lowing  exp res s ion  g iven  i n  
Reference 25: 
where H i s  t h e  r e l a t i v e  humidity i n  percent  and ta is the  a i r  t empera ture  i n  
O c .  
Nichrome (80Ni-20Cr) wire ,  0.013 m i n  diam, was used t o  suspend the  
specimens f o r  t h e  weighings i n  water.  The wi re s  were baked a t  700-800'~ f o r  
1 h i n  a i r  a t  0.1 Pa (1 x 1 0 ' ~  Tor r )  t o  p repa re  t h e i r  s u r f a c e s .  The oxid ized  
s u r f a c e s  of  t h e  w i r e s  developed m i c r o f i s s u r e s  when t h e  w i r e s  were cooled .  
These m i c r o f i s s u r e s  cause  t he  water  meniscus and s u r f a c e  t e n s i o n  t o  be  n e a r l y  
t he  same a t  each p o i n t  along the  wire  when i t  i s  r a i s e d  and lowered i n  t h e  
water  dur ing  the  weighings. No s u r f a c e  f i l m  on the  water is t o l e r a b l e ,  and 
microscopic dus t  p a r t i c l e s  i n  t h e  meniscus r eg ion  can i n v a l i d a t e  t h e  weight 
measurements i n  water .  
Tables 12, 13 ,  and 14 summarize the r e s u l t s  of mass dens i ty  measurements 
for  ingots  L3 ,  L 4 ,  and L6. The d i s tance  from the t i p  given i n  the tab le s  i s  
the d is tance  t o  the midplane of a  s l i c e .  
TABLE 12. AVERAGE ALLOY COMPOSITIONS FOR 
VARIOUS POSITIONS ALONG THE AXIS 
OF INGOT L3. 
Distance Mass Avenge 
from tip hnsity compc#itjon 
number (m) (e/cm3) ix)  
TABLE 13. AVERAGE ALLOY COMPOSITIONS FOR 
VARIOUS POSITIONS ALONG THE AXIS 
OF INGOT L4. 
Sample 
number 
L4T I P 
L41A 
L41B 
L41C 
Distance 
from tip 
(cm) 
0.29 
0.73 
0.81 
1.26 
Maw 
density 
(o1crn3) 
7.1098 
7.4947 
7.5886 
7.6051 
Average 
composition 
Ix) 
0.437 
0.265 
0.222 
0.21 5 
TABLE 14. AVERAGE ALLOY COMPOSITIONS FOR 
VARIOUS POSITIONS ALONG THE AXIS 
OF INGOT L6. 
- -  -- 
Distance M ~ S S  Average 
from tip density composition 
number (cm) (g/cm3) (x; 
4.4.2 I n f r a r e d  Transmission Measurements 
From i n g o t s  L3, L4, and L6, t h i n  (m200-300 um) s l i c e s  were prepared f o r  
eva lua t ion  of t h e  r a d i a l  composi t iona l  v a r i a t i o n  by i n f r a r e d  t ransmission-edge 
mapping. The t r a n s c i s s i o n  m~asurements  were made a t  room temperature through 
lam diam a r e a s  a t  r e g u l a r l y  spaced l o c a t i o n s  on a  s l i c e .  
The i n i t i a l  measurements on s l i c e s  from i n g o t s  L 3  and L4 showed nc 
i n f r a r e d  (IR) t r ansmis s ione  Subsequently , t h e  t h i cknesses  of t h e s e  s l i c e s  
were reduced t o  20-50 p m  by p o l i s h i n g  and e t c h i n g ,  and the  measurements were 
repea ted .  However, even f o r  t h e s e  smal l  t h i c k n e s s e s ,  t h e  s l i c e s  remained 
e s s e n t i a l l y  opaque t o  I R  r a d i a t i o n .  This  r e s u l t  was a t t r i b u t e d  t o  the  h igh ly  
p-type c h a r a c t e r  of t he  s l i c e s .  
The s l i c e s  from ingot  L6 showed up t o  40% transmiss?.on above t h e  cut-off  
wavelengths. The a x i a l  p o s i t i o n s  a long  t h e  i ngo t  of  t h e  s l i c e s  on which I R  
measurements were made a r e  shown i n  F igu re  21 ( a )  l The r a d i a l  measurement 
ORIGINAL PAGE 19 
OF POOR QUALITY 
p o s i t i o n s  a r e  shown i n  Figure 2 1  ( b ) .  The! diameter  of t h e  c i r c l e s  and t h e i r  
p o s i t i o n s  correspond to  the width and r e l a t i v e  l o c a t i o n s  of t he  i nc iden t  
i n f r a r e d  beam. Typical t ransmiss ion  d a t a  f o r  s l i c e  A26 a r e  shown i n  Figure 
22. For s l i c e s  A16, A i 6 ,  E3, E3?, and E34, the  r a d i a l  v a r i a t i o n  of t he  cut-on 
wavelengths and t h e  corresponding a l l o y  composi t ions a r e  shorn i n  Figure 2 3 .  
Figure 24 shows the  r a d i a l  v a r i a t i o n  of t he  wavelength a t  50% t ransmiss ion .  
The r a d i a l  composi t ional  p r o f i l e s  i n d i c a t e  concave s o l i d / l i q u i d  i n t e r f a c e s  f o r  
t he  e n t i r e  growth l eng th  and thus s i g n i f i c a n t  r a d i a l  temperature g r a d f e n t s  i n  
t h e  v i c i n i t y  of t h e  i n t e r f a c e .  
Figure 21. (a1 Location of wafers along the growth axis of ingot L6 and (b) the I R  measurement 
positions for a wafer. 
wavelength ( p m )  
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Figure 22. Typical transmission spectra for a wafer (A261 from ingot L6. 
Numbers of curves refer to locations on wafer as shown in 
Figure 21. 
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Figure 23. Radial variations of the cut-on wavelength and Cd composition for ingot L6. 
Left-side plots are for areas 1 through 9 and right-side plots are for area 
10-13.5. and 14-17 as shown in Figure 21. 
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Figure 24. Radial variation of wavelength at 50% relative 
transmission across slices from ingot L6. Left- 
side plots are for areas 1 through 9 and right- 
side piots are for areas 10-13, 5, and 14-17 
as shown in Figure 21. 
4.5 Alloy Compositional Var ia t ion Along the Growth Axis 
4.5.1 Theoret ica l  model in^ 
During d i r e c t i o n a l  so l  i d i f  i c a t i o n  under condi t ions  of complete mixing and 
near-equilibriwn growth, the  compcsit ional  v a r i a t i o n  along t h e  growth a x i s  i s  
given by 2 6 
where Cs(E) is the s o l u t e  (CdTe) concentra t ion a t  a  d i s t ance  !Z along an ingot 
of length L, Co is the  j n i t i a l  s o l u t e  concentra t ion i n  t h e  melt ,  and k is  t h e  
equil ibrium d i s t r i b u t i o n  c o e f f i c i e n t  st the l iquid-sol id  i n t e r f a c e  
temperature. The d i s t r i b u t i o n  c o e f f i c i e n t  is given by k = xS/x , where xS and 
xL a r e  respec t ive ly  the s o l u t e  compositions of the  s o l i d  and the  l i q u i d  a t  the  
i n t e r f a c e  temperature. In the  de r iva t ion  of Equation (47), k is assumed t o  be  
independent of the i n t e r f a c e  temperature. 
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Under conditions of elemental diffusion in the melt and negligible 
mixing, the compositional variation along the growth axis is dependent on the 
relative values of the interface translption rate, R, and the solute diffusion 
rate, D, in the melt. For k > 1 (k < I), the solute distribution profile is 
expected to exhibit an initial transient of progressively decreasing 
(increasing) solute concentration, a region of constant  ompo position equal to 
the original melt composition, and finally a region of rapidly decreasing 
(increasing) solute concentration. Smith, Tiller, and  utter^ have examined 
the mathematical details of the problem and obtained analytical solutions for 
the transient compositional variations in terms of the material and growth 
parameters. Their solution for the initial composition-transient for constant 
R and k I= given by 
For the final composition-transient, they obtained the expression 
In the limit RR >> D, the widths of the initial and final transients are 
small, and CS(L) is essentially independent of J! and equal to Co. For Re> D 
and k > 0, the axial compositional profile has an initial transient such that the 
first-to-freeze solid has a composition CS(o) = kco, and with increasing 12 
the composition decreases to a steady-state value of C S ( R )  = Co. 
A final transient of rapidly decreasing composition occurs as the melt is 
consumed. The length of the central steady-state region can be increased at 
prior to growth initiation and the uncertainties introduced by the tapered 
geometry of the ampule tips, renders the initial-transient data unsuitable for 
quantitative evaluations. 
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Figure 25. The variation of the interface segregation coefficient and interface translation 
rate along the growth axis of ingot L3. 
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Figure 26. The variation of the interface segrwtion coefficient and interface translation 
rate along the growth axis of i q o t  L4. 
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Figure 27. The variation of the interface segregation coefficient and interface translation 
rate dong tha growth axis of ingot L6. 
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Figure 28. A comparison between the measured and calculated compositional profiles 
for ingot L3. The calculations assumed a diffusion coefficient of 
6.0 x 10-5 cm2/s and included the variations in k and R along the growth axis 
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Figure 29. A comparison between the measured and calculated compositional profiles 
for inpot L4. The calculations assumed a diffusion coefficient of 
6.0 x loa5 cm2/s and included the variations in k and R along the growth axis. 
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Figure 30. A comparison between the mesrured and calculated compositiona~ profiles 
for ingot L6. The calculations assumed a diffusion coefficient of 
4.5 x cm2/s and included the variations in k and R along the growth axis. 
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Figure 31. A comparison between the experimental data for ingot L3 and calculated 
results for various values of the diffusion coefficient. 
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Figure 32. A comparison between the exporimmtrl data for ingot L4 and crlculrted 
results for various values of the diffusion coefficient. 
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Figure 33. A comparison between the expotimmtrl data for ingot L6 and calculated 
results for various values of the diffusion coefficient. 
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Figure 34. A contprrimn between the experimental data for ingot L3 and calculated 
results for a diffusion coefficient of 6.0 x 10-5 cmZ/s and constant k, R. 
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Figure 36. A comparison between the experimental data far ingot L4 and the calculated 
results for a diffusion coeffiient of 6.0 x lo6 cm2/s and constant k, R. 
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Figure 36. A comparison between the experimental data for inwt L6 and the ulculatsd 
results for a diffusion coefficient of 4.5 x lw5 cm2/s and constant k, R. 
5. THEORETICAL MODELING OF CHARGE-CARRIER CONCEhTRATIONS 
AND ELECTRON b1OBILITIES 
T h e o r e t i c a l  models and com-.l+.. . -  t~rograms s p e c i f i c  t o  Hgl-xCd,Te were 
developed f o r  c a l c u l a t i o n s  of c-h;~rec-carr ier  concen t r a t i ons ,  Ha l l  
c o e f f i c i e n t s ,  Fermi e n e r g i e s ,  .r?J e l e c t r o n  mobi- i t i e s  a s  f u n c t i o n s  of x,  
temperature,  and ionized-defect  and neu t r a l -de fec t  concen t r a t i ons .  A s  i n  
prev ious  work on the  HgCdSe a l l o y   stem,^*^^ t h e  Kane three-band model1' is 
used t o  d e s c r i b e  t h e  Hgl-,CdxTe band s t r u c t u r e  f o r  t h e  energy range of 
i n t e r e s t ,  i . e . ,  t he  lowest- lying conduction band ( r  ) and t h e  two h ighes t -  6 
l y ing  va lence  bands ( r  ). kiigher-band c o r r e c t i o n s  cons idered  i n  Reference 9 8 
a r e  neglec ted  because such c o r r e c t i o n s  a r e  es t imated  t o  be smal l  f o r  t h e  
p o s i t i v e  band-gap a l l v y s  t h a t  a r e  of primary concern i n  t h i s  s tudy .  The 
e l e c t r o n  m o b i l i t i e s  a r e  c a l c u l a t e d  i n  terms of a microscopic t heo ry  of 
e l e c t r i c a l  conduction de r ived  from t h e  s o l u t i o n  of t h e  Boltzmann equa t ion  f o r  
t h e  per turbed  s t e a d y - s t a t e  e l e c t r o n  d i s t r i b u t i o n  func t ion .  
5.1 Energy-Band S t r u c t u r e  and Band Parameters  
The s e c u l a r  equat ion  d e s c r i b i n g  the  conduction,  l i g h t - h o l e ,  and s p l i z -  
of f -va lence  bands is 11 
3 2 2 2 2 -  E + (A - E g )  E~ - ( E A  + P  k )  E - T A P  k'. = 0, 
6 
where E is t h e  band energy i n  terms of t h e  c r y s t a l  momentum wave v e c t o r  $, A 
is the  r 1 5  sp in -o rb i t  s p l i t t i n g ,  E is t h e  r6 - r energy bc-id-gap, and P is g 8 
the  momentum ma t r ix  element between t h e  l' valence-band and 15 
t h e  r conduction-band wave f u n c t i o n s  de f ined  by ~ a n e .  l1 The e n e r g i e s  a r e  1 
r e f e r r e d  t o  t he  top  of t h e  va lence  bands. The conduction,  c ,  band and t h e  
l i gh t -ho le ,  ah ,  band d e n s i t i e s  of s t a t e s  a r e  given by 
k2 dk pi ( E )  = -- = - B 2 dE ( i  = C ,  a h ) ,  
n P 
where 
and 
The crystal  momentum a s  a function of enzrgy is  
where 
The conduction-band wave functions are given by 
it, e, = e i  a I I % ~ ) * ~ I ( X T  LY) a )+ C I Z ~ ~ ) ~ .  f 
where x. y ,  and z a r e  the  b a s i s  s e t  of r r e f e r r e d  t o  a  coo rd ina t e  system 15 
with t h e  x-axis a long  f .  S i s  the  r l  wave f u n c t i o n ,  a a r e  P a u l i  s p i n  * 
f u n c t i o n s  f o r  s p i n  p a r a l l e l  (+) and a n t i - p a r a l l e l  (-) t o  t, and a ,  b ,  and c 
a r e  f u n c t i o n s  de f ined  by 
and 
where 
The heavy-hole, hh, band is r ep re sen ted  by a  s imple p a r a b o l i c  band given by 
where vv is the  e f fec t ive-mass  r a t i o .  
5.2 C a l c u l a t i o n  of t he  Temperature Dependence of t he  C a r r i e r  Concent ra t ions  
The Fermi energy ,  %, e l e c t r o n  concen t r a t i on ,  ne, l i g h t - h o l e  
conccn t r a t i on ,  n  and t h e  heavy-hole concen t r a t i on ,  nhh, a r e  c a l c u l a t e d  from Eh' 
t h e  numerical  s o l u t i o n  of t h e  charge  n e u t r a l i t y  equa t ion ,  
n - n - nhh = ND - NA, 
e  ah  
where 
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and 
In Equation (711, FlI2(-z) is the Fermi function of order 112, NA and ND are 
respectively the number of acceptors and donors per unit volume, kg is the 
Boltzmann constant, T is the absolute temperature, mo is the free electron 
mss, and y = E/kBT. 
A literature search was performed to compile the best available band 
parameter values, and these band parameters along with the various material 
parameters required for the mobility calculations are summarized in Table 
15. Using the values for the band parameters given in Table 15, the 
temperature and x dependences of the Fermi energies and carrier concentrations 
from 4 . 2  K to 300 K wtre calcnlated from Equations (67)-(70) for various net 
donor concentrations. The calculated results agree well with available 
data. A typical comparison between calculated and measured electron 
concentrations is shown in Figure 37 for an alloy composition of x = 0.183 and 
a net donor density ND - NA = 5 -6  x 1014 cd3. 
Temperature (K) 
CW3.075047 
Figure 37. Theoretical and experimental conduction-electron concentration for Hgo 817Cdo.183Te. 
TABLE 15. PARAMETERS FOR ELECTRON.MOBILITY AND CHARGECARRIERCONCENTRATION 
CALCULATION FOR Hgl .,Cd,Te ALLOYS. 
Parameters Value Reference t 
Spin-orbit sp~itt lng(~) 
Heavy-hole mass(b) 
Deformation potentials(~) 
Longitudinal sound velocity(d) 
Transverse sound velocity(d) 
Hg mass 
Cd mass 
Te mass 
Lattice constant 
r 6 - r 8  energy gap 
Momentum matrix element 
coupling conduction and 
valence bands(e) 
A0 = (-0.18~ + 1.08) eV 
m~h/mo = 0.53 
EO = 11 eV (longitud~nal mode) 
El = 9.5 eV (transverse modes) 
E2= 3eV 
VL = (2.52 + 0.54~)  X lo5 cmls 
VT = (1.60 + 0.27~)  X lo5 cmls 
Transverse effective charges HgTe: eT/eg = 2.96 
CdTe: eT/e0 = 2.35 
Reduced masses ~ H ~ T ~  = 1.295 X g 
mcdTe = 9.923 X 10-23 g 
Dielectric constants(f) EO = 20.206 - 15.1 53x + 6.59091 x2 
-0.951826~3 
E ,  = 15.1077 - 13.8823~ + 9.88928x2 
- 3.67 1 33x3 
HgTe LO phonon frequency w HgTe = ( 139 - 9x) cm-' 
LO 
HgTe TO phonon frequency wHgTe = (118 + 12x) cm-I 
LO 
CdTe LO phonon frequency wCdTe = (154+ 16x1 cm" (9) 
LO 
CdTe TO phonon frequency wCdTe = (152 - 9x)  cm-' 
TO 
oRIC;iNAL F'AG'Z f.: 
3F  POOH QUALO-T-f 

5.3 T h e o r e t i c a l  Modeling of t he  E lec t ron  Nob i l i t y  
The e l e c t r o n  n o b i l i t y  c a l c u l a t i o n  inc ludes  t h e  fo l lowing  s c a t t e r i n g  
mechanisms: l o n g i t u d i n a l - o p t i c a l  phonon (LO) ,  l o n g i t u d i n a l -  and t r ansve r se -  
a c o u s t i c a l  phonon ( a c ) ,  heavy-hole (hh) ,  and a l l o y  d i s o r d e r  p o t e n t i a l  
( d i s  .) . The e x t r i n s i c  s c a t t e r i n g  mechanisms inc lude  charged ( i i )  and n e u t r a l  
po in t -de fec t s  (nd) .  The c u r r e n t  d e n s i t i e s ,  c o n d u c t i v i t i e s ,  and m o b i l i t i e s  a r e  
c a l c u l a t e d  from t h e  per turbed  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  f ( t )  g iven  by 
df  0 
where f o  is the  unperturbed d i s t r i b u t i o n  func t ion  and fi - . The q u a n t i t y  $ 
is the  ang le  between t h e  wavevector and t h e  a p p l i e d  e l e c t r i c  f i e l d .  The 
p e r t u b a t i o n  func t ion  c O ( E )  depends only  on the  energy. The c u r r e n t  d e n s i t y  is 
given by 
where e  is the e l e c t r o n i c  charge ,  4 is Planck's c o n s t a n t ,  and c'(E) is given 
by the  s o l u t i o n  of t h e  Boltzmann equa t ion ,  
= ~ ( g ) ~  + (  ( i  = LO, a c ,  eh ,  d i s . ,  ii, nd).  
a t  F 
The s u m , C  (5) , is  the  r a t e  of change of t he  d i s t r i b u t i o n  f u n c t i o n  caused 
i by the  v a r i o u s  s c a t t e r i n g  mechanisms, and(%) is the  r a t e  of change of t h e  
u 
d i s t r i b u t i o n  func t ion  caused by t h e  applic?atk&n of a  s t a t i c  e l e c t r i c  f i e l d .  
For t he  s t eady - s t a t e ,  
and 
The f i e l d  term is g iven  by 
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where 8 is the  app l i ed  e l e c t r i c  f i e l d .  The s c a t t e r i n g  term is given by2' 
where 
vi (k,  k O )  = W i  (k', k i  f o  (k')  [ l - f o  ( k ) ]  = v i  ( k O ,  k ) .  (82)  
Wi(k', k) is the  t r a n s t t i o n  p r o b a b i l i t y  pe r  u n i t  t ime per  u n i t  volume and i s  
g iven  by 
where Hi@', k )  is the  ma t r i x  element f o r  s c a t t e r i n g  from s t a t e  k t o  &' f o r  a  
given s c a t t e r i n g  p roces s ,  Sl is  a  d e l t a  f u n c t i o n ,  and ES is t h e  energy absorbed  
o r  emitced i n  t h e  s c a t t e r i n g  p roces s .  
Equat ion (79) reduces  t o  a l i n e a r  f i n i t e - d i f f e r e n c e  equa t i on  i n  c O ( E ) ,  
and t h e  c o n d u c t i v i t y  is determined from Equat ion (76) by u s i n g  t h e  v a r i a t i o n a l  
method of ~ o h l e r ~ ~  as modif ied by Howarth and sondheimerZ7 and E h r e n r e i ~ h . ~ ~  
The p e r t u b a t i o n  f u n c t i o n  is expanded i n  a  complete  s e t  of t r i a l  f u n c t i o n s ,  
and the  cn a r e  determined by the  requirement  t h a t  c ' (E) be a s t a t i o n a r y  
poin t28  of a  c e r t a i n  conserved i n t e g r a l .  
The va r ious  s c a t t e r i n g  mechanisms and t h e i r  c o n t r i b u t i o n s  t o  the  
Boltzmann equa t ion  a r e  summarlzed i n  Appenaix A. The computer program f o r  
c a l c u l a t i n g  the  Fermi energy ,  t h e  cha rge -ca r r i e r  c o n c e n t r a t i o n s ,  and the  
e l e c t r o n  m o b i l i t i e s  i s  given i n  Appendix B. 
5.4 C a l c u l a t i o n s  of  t he  Temperature Dependence of t h e  E lec t ron  Mobi l i ty  
C a l c u l a t i o n s  were performed t o  a s c e r t a i n  t he  r e l a t i v e  c o n t r i b u t i o n s  of 
t h e  v a r i o u s  s c a t t e r i n g  mechanisms t o  t h e  conduction e l e c t r o n  m o b i l i t y  a s  
f u n c t i o n s  of tempera ture  from 4.2 K t o  300 K f o r  a l l o y  composi t ions near  
x = 0.2. The m a t e r i a l  parameters  used i n  t h e  c a l c u l a t i o n s  a r e  given i n  Table 
15. F igures  35 and 39 show t h e  c a l c u l a t e d  r e s u l t s  f o r  the  sample desc r ibed  i n  
F igure  37. The curves  des igna t ed  by t h e  symbols pLO, 
'ac* 'dig. '  'eh' and 'ii 
correspond t o  t h e  c a l c u l a t e d  m o b i l i t i e s  f o r  t h e  i n d i v i d u a l  s c a t t e r i n g  
mechanisms. The c a l c u l a t i o n s  shown i n  F igure  38 were made assuming t h a t  a l l  
ion ized  d e f e c t s  a r e  donors ,  i .e . ,  t h e  donor d e n s i t y  is equal  t o  t h e  r e s i d u a l  
conduct ion-e lec t ron  d e n s i t y  a t  low tempera tures  (T 50 K). The c a l c u l a t e d  
r e s u l t s  i n  F igure  39 assumed a donor d e n s i t y  of ND = 7.6 X 1014 and an  
accep to r  d e n s i t y  of 2.0 X 1014 ~ m ' ~ .  The c a l c u l a t e d  r e s u l t s  i n d i c a t e  t h a t  f o r  
a l l o y  composi t ions of  x = C. 2, l o n g i t u d i n a l  opt ical-phonon s c a t t e r i n g  i s  t h e  
dominant mob i l i t y - l imi t i ng  mechanism a t  high tempera tures  (2 75 K), whi le  
ionized-defect  s c a t t e r i n g  is  t h e  dominant mechanism a t  low 
tempera tures  (,$ 75 K). 
The agreement between the  tempera ta re  dependence of t h e  c a l c u l a t e d  t o t a l  
m o b i l i t y , ~  , and t h e  exper imenta l  d a t a  is  reasonably  good. However, a s  t h e  T 
tempera ture  i n c r e a s e s ,  t h e  c a l c u l a t e d  and measured m o b i l i t i e s  s y s t e m a t i c a l l y  
d ive rge  u n t i l  a t  300 K t h e  c a l c u l a t e d  m o b i l i t i e s  a r e  about  a f a c t o r  of two 
h igher  than exper imenta l  va lues .  A probable  reason  f o r  t h i s  d i screpancy  is an 
ove re s t ima te  of t h e  s c r een ing  of t h e  e l e c  tron-LO-phonon i n t e r a c t i o n .  The 
approximate screening  f u n c t i o n  used i n  the  3 l c u l a t i o n s  t r e a t s  t h e  e l e c t r o n s  
a s  always s c reen ing  and igno res  t h e  p o s s i b l e  a n t i s c r e e n i n g  e f f e c t s  cons ide red  
by ~ h r e n r e i c h ~ ~  f o r  sma l l  momentum t r a n s f  e r e .  The c e l c u l a t i o n s  a l s o  neg l?c t  
p o s s i b l e  s c a t t e r i n g s  by n e u r r a l  po in t -de fec t s  and by l i ne -de fec t s .  These, 
combined with t h ~  uncerta int ies  i n  the various material paraneters, could 
explain the d i f f erences  between the ca lculated and measured r e s u l t s .  
Temperature (OC)  
OPo3Q75o~U 
Figum 38. A comparison of the trmperstllre dependence of the calculad a d  measured conductionalectron 
mobilities for en alloy composition of x = 0.183. The ulculated results are for a donor concentration 
equal to the residual elc-ron concentretion in Figure 37. 
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Figure 39. A comparison of the temperatrwe dependence of the calculated and measured conductio~relectron 
mobilities for an alloy composition of 2: = 0.183. The calculations assumed a donor conantration 
of 7.6 x 1014 cm3 and an accepior cocrentration of 2 x 1014 cm3. 
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APPENDJX A: ELECTRON SCATTERING MECHAKISMS 
AND THE SOLUTION TO THE BOLTZMANN EQUATION. 
The mathematical  exp re s s ions  used f o r  t he  v a r i o u s  s c a t t e r i n g  mechanisms 
a r e  e s s e n t i a l l y  t he  same a s  t hose  used f o r  t h e  c a l c u l a t i o n s  of e l e c t r o n  
m o b i l i t i e s  i n  t he  HgCdSe a l l o y s  descr ibed  i n  References 9 and 10. Some of t he  
p e r t i n e n t  mathematical  d e t a i l s  a r e  included a s  p a r t  of t h i s  r e p o r t  t o  a i d  i n  
i n t e r p r e t a t i o n  of t he  computer programs. 
A. 1 Congi tudina l -Opt ica l  (LO) Phonon S c a t t e r i n g  Mechanism 
The s t r e n g t h  of t h e  M-phonon/electron i n t e r a c t i o n  is p r o p o r t i o n a l  t o  the  
* 
Cal len  e f f e c t i v e  charge ,  e a s s o c i a t e d  with r e l a t i v e  d isp lacements  of atoms 
c ' 
i n  a  u n i t  c e l l .  The Ca l l en  e f f e c t i v e  charge is r e l a t e d  t o  t h e  S z i g e t i  
* * 
e f f e c t i v e  charge ,  e  , and t h e  t o t a l  t r a n s v e r s e  charge ,  e  by the  r e l a t i o n s  S  T  ' 
and 
where E- is the  high-f requency d i e l e c t r i c  c o n s t a n t .  The i n t e r a c t i o n  is 
assumed t o  be screened by t h e  d i e l e c t r i c  func t ion  g iven  by 
where wL is the  longitudinal-phonon frequency,  q is the  phonon wave v e c t o r ,  
e  I h  
and kFT and kFT a r e  t h e  e l e c t r o n  and l i gh t -ho le  Fermi-Thomas momenta g iven  by 
and 
312 112  - 
h 2  2e2 n ( )  (y) J d y , h ( y ) -  (ey* e  Y+Z 1)2 ' (kFT) = - - 
where 
and the o the r  parameters have been defined i n  Sections 5.1 and 5.2. 
The s c a t t e r i n g  t e r n  of the Bolt zmam equation f o r  the LO-phonon-elec t ron  
i n t e r a c t i o n  is given by 
where 
* 
4m N e  
i T, 
1 
F, = - ( i  = 1 = HgTe, I = 2 = CdTe), 
- 
Ni is the number of u n i t  c e l l s  of the  ith type per un i t  v o l ~ r i e ,  W is the  i 
reduced mass of the  ith uni t  c e l l ,  and 
The s u b s c r i p t s  (*) r e f e r  to  the  evaluat ion of the  fanc t ion  a t  y f 8 ,  where 
OR~GINAL PAC2 r('Z 
y = E / ~ ~ T  and 0 = -fiw / k  T. OF POOR QUALIT: L B 
The function, n is  the phonou occupation number given by P ' 
The functions R and S are defined as fol lows: 
* * 

and 
The symbols a, b, and c have been defined in Section 5.1. In the above, 
-1 R and S are zero for y - 0 - B < 0. 
- - 
A.2 Acoustical Phonon (ac) Scattering Mechanism 
The longitudinal and transverse acoustical-phonon/electron interactions are 
characterized by three deformation potentials: Eo for the longitudinal mode 
and El and E2 for the transverse modes. The acoustical-phonon contribution to 
the Boltzmann equation is given by 
where p is the mass density of the material, and v,, and v~ are the 
m 
longitudinal and transverse velocities of sound, respectively. 
The longitudinal and transvets2 scattering functions, FL and FT, are given by 
and 
where 

where 
with 
ORIGINAL PACE 1% 
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A.4 Electron-Hole (eh)  Sca t t e r ing  Mechanism 
The con t r ibu t ion  to  the Boltzmann equation from electron-hole s c a t t e r i n g  
is  
4 
* nhhe 'c (ele  = % E - E  2 s - 3 'eh f$os+ c O ( E ) ,  
8 
where aeh is  the same a s  a i i  f o r  ionized defect  s c a t t e r i n g  except t h a t  go is 
replaced by gm, i.e.,  
A . 5  Compositional-Disorder (d is . )  scatter in^ Mechanism 
Elect ron s c a ~ t e r i n g  by the  random short-range p o t e n t i a l s  r e s u l t i n g  from 
a l loy  compositional d isorder  is  t r e a t e d  a s  s c a t t e r i n g  by a  r andm d i s t r i b u t i o n  
of square-well s c a t t e r i n g  cen te r s ,  which have un i t - ce l l  dimensions and depths 
approxinately equal  to  the  d i f fe rence  i n  band gaps between CdTe and HgTe. The 
con t r ibu t ion  to  the Boltzmann equation from t.his process is given by 
where Na is the number of u n i t  c e l l s  per u n i t  volume, Edi8. i s  the d i so rder  
p o t e n t i a l ,  approximately equal  t o  the  d i f f e r e n c e  i n  CdTe and HgTc band gaps, 
and @die .  is a  wave-function-overlap i n t e g r a l  give11 by 
A.6 Neutral-Defect  (nd) S c a t t e r i n g  Mechanism 
The s c a t t e r i n g  of e l e c t r o n s  hy n e u t r a l  po in t -de fec t s  is a l s o  desc r ibed  i n  
terms of s c a t t e r i n g  by a  random d i s t r i b u t i o n  of square-well p o t e n t i a l s .  Thus 
t h e  c o n t r i b u t i o n  of n e u t r a l  po in t -de fec t s  t o  t he  Boltzmann equat ron  is a l s o  
g iven  by Equation (A531 with  x(1-x) E~ INa rep l aced  by Nn w:~n2, where N, d i s .  
i s  t h e  d e n s i t y  of  n e u t r a l  p o i n t - d e f e c t s , ~ ~  is t h e  volume of t h e  p o t e n t i a l  
w e l l ,  and En is  t h e  s t r e n g t h .  
A.7 C a l c u l a t i o n  of t h e  E lec t ron  Mobi l i ty  
The t o t a l  s c a t t e r i n g  c o n t r i b u t i o n  t o  the  Boltzrnann equa t ion  from the  
s c a t t e r i n g  mechanisms cons idered  i s  
where 
wi th  t h e  fo l lowing  de f ined  q u a n t i t i e s  : 
and 
2  2 ~ 2  x ( 1 - x )  
a SA 
EB mO W~ dl..  
-. 
d i s .  3 2 , 
n U e k T 1: (F1 + F2) B a 
The subst i tut ion of Qu&t!on (A55) .;rrt, tni s t  <.dy-state Boltzreann equation, 
Equation (79).  y i e lds  the following 1 i: ,-.er f in1 te-d',f ference equation: 
To obtain a solut ion,  the perturbation function, c * ( E ) ,  iz expaaded in  a 
complete s e t  of t r i a l  functions,  
and the cn are determined by the requirement that c8(E)  be a stationary 
point28 of a certain consenr-4 integral .  The set, 
i s  used for the t r i a l  fur-t ions ,  and the expansion is carried to third order 
( i . e . ,  n = 2) .  The current density Jxs Equation (751, i s  given by 
where 
and 
Fmn = i-l 4 4 f dy, 
The e l e c t r i c a l  conductivity,  a ,  is given by the re la t ion  
0 = Jx/b , 
and the e lectron mobility is given by 
APPENDIX B: COPcSUTER PROGwS FOR CALCULATION OF CHARGE CARRIER 
CONCENTRATIONS AND ELECTRON M O B I L I T I E S  
B . l  D e s c r i p t i o n  of Symbols - blain Program 
~ i n e  no. I comments 1 
Input parameters: TMlN = niinimum temperature (K), TMAX = maximum temperature (K), 
DELT = temperature increment, DONOR DENSITY (cm3), ACCEPTOR DENSITY ( ~ r n * ~ ) ,  
PROPORTION OF CdTe IN ALLOY (at.%), DISORDER ENERGY IN (eV). 
1 00500 I ES = electron charge in c.g.s. units. 
HB = Planck's constant (erg.s). 
K = Boltzmann's constant (erg/K). 
MO = free electron mass (g). 
PI = a. 
CEVE = units cor~version factor (eV to ergs). 
FFCTS is  an external program for evaluating Fermi functions. A separate data file of the values 
of Fermi functions is required. 
X2 = at.% of CdTe in alloy, x. 
X I  = at.% of HgTe in alloy, 1 - x. 
HCSPOL i s  an external program used for determining a number of parameters used in the calculations. 
TMlN = minimum temperature (K). 
TMAX = maximum temperature (K). 
DTEMP = temperature increment. 
, ND = donor density. 
NA = acceptor density. 
DEV = spin-orbit splitting (in eV) as a function of x. 
I D = spin-orbit splitting (in ergs) as a function of x. 
UV = heavy hole mass (in electron mass units) 
EOEV, E l  EV, and E2EV are deformation potentials in eV. 
VL = longitudinal sound velocity as a function of x. 
VT = transverse sound velocity as a function of x. 
MOO = Te mass in amu 
M I  = Hg mas in amu 
M2 = Cd mass in amu 
PHI = mass density 
AL = lattice constant as a function of x. 
EDISEV = disorder energy in eV. i EDlS = disorder energy in ergs. I EPHIO, EPHII, EPH12 are deformation potentials in ergs. 
Commena 
E1S = optical phonon scattering contribution. 
E2S = optical phomn scattering contribution. 
MI8 = reduced mass. 
M2B = reduced mass. 
VA = the lattice constant cubed divided by 4. 
WLl = longitudinal optical (LO) phonon frequency (HgTe), kB Ofl Iii, where Opl = LO phonon 
temperature. 
WL2 = longitudinal optic31 phonon frequency (CdTe), k~ 0g2M, where O Q  2 = LO phonon temperature. 
EG = Eg (ergs) as a function of x and T (temperature). 
P = momentum matrix element coupling conduction and valence bands (eV-cm) as a function of .r. 
DELTA = Eg divided by the spin-orbit splitting. 
SECULAR = an external program for finding the limit E = E (k) at the zone boundary. 
3/2 1 I2 
2e2 a'mo 
CON=- -( fi2 1 r3 , a factor that enters into Fermi-Thomas momenta expressions, n 
Ph hh i.e.. (kET) . (kFT) ,and (kFT) . 
SIMP = an external program for e:.aluating integrals. 
KFTE2 = electron Fermi-Thomas momentum. 
KFTLH2 = light-hole Fermi-Thomas momentum. 
KFTHH2 = heavy-hole Fermi-Thomas momentum. 
THETA1 = Bp TT (see line no. 01220). 1 
THETA2 = Op /T (see line no. 01230). 
2 2 GINF2 = g, a parameter involving Fermi-Thomas momenta. 
2 GO2 = go, a parameter involving Fermi-f hornas momenta. 
A1 = longitudinal optical (LO) phonon scattering contribution. 
A2 = acoustic phonon (ac) scattering contribution. 
A3 = ionized impurity (ii) scattering contribution. 
A4 = electron-hole (eh) scattering contribution. 
A5 = disorder scattering (dis.) contribution. 
NP1 = phonon*occupation number. 
NP2 = phonon occupation number. 
Q1 =S1 (matrix element). 
0 2  = .P2 (matrix element). 
0mU)?SOa4 
r 
Line no. 
01 170 
01180 
01 190 
01200 
01210 
01 220 
01230 
01280 
01285 
01290 
01330 
01370 
01780 
01790 
01810 
01820 
01840 
01850 
01860 
01870 
01890 
01910 
01930 
01950 
01960 
01980 
01990 
02150 
02160 
i 
I Line no. 
Q3 (matrix element). 
0 ~ 1  = (9, !2), (matrix element). 
QL2 = (2, Q)p (matrix element). 
SIGMA = conductivity. 
UH = Hall mobility. 
EGOPT = kBT /BETA. 
8.2 D e s c r i p t i o n  o f  Symbols - Sub rou t i ne  Programs 
SECULAR - The program used to find the roots (El, E2, Eg) of the cubic secular equation describing 
the conduction band, light-hole band, and split-off valence band. 
CUBE - A subroutine for finding the roots of a cubic equation x3 t c2x2 + c l x  + co = 0. 
FUNC - The program used to find the carrier concentration (electrons, light-holes, and heavy-holes) 
as a function of temperature. 
SIMP - A subroutine used for evaluating a certain class of integrals. 
Line no. 
NE = electron concentration. 
Comments 
J 
NLH = light-hole concentration. 
NHH = heavy-hole concentration. 
FV - The program used to obtain the Fermi distribution function 
FUNCI - The program used to obtain the product FV and LAMDA. 
LAMDA - A function used to calculate the conduction band density-of-states. 
FUNC2 - The program used to obtain the product of FV and LAMDAV. 
LAMDAV - A function used to calculate the light-hole density-of-states. 
FVP - This program evaluates the function exp (y + z)/[exp (y + z) + 11 2. 
FUNC3 - This program evaluates the function Xc exp (y - z)/[exp (y - z)  + 11 2. 
2 FUNC4 - This program evaluates the function Xph exp (y - z)/[exp (y - z )  + 11 . 
LAMDA = A,, an expression used in calculating the conduction-band density-of-states. 
LAMDAV = XCh, an expression used in calculating the light-hole density-of-states. 
S - This program evaluates a function used in determining the crystal momentum. 
L1 - This program evaluates L("). 
NABC - This program evaluates the function FA (y), which appears in the LO-phonon scattering 
operator qO. 
RSL - This program evaluates funct~ons appearing in the LO-phonon scattering operator 
Line no. 
04740 
04760 
04770 
04780 
04800 
04820 
04840 
04850 
04870 
04890 
04910 
04920 
04940 
04960 
05000 
05010 
05020 
05040 
05090 
05 1 CO 
051 10 
05 130 
05 1 90 
05 200 
05210 
05230 
05290 
05300 
05310 
05330 
05390 
05400 
05430 
05440 
05480 
Comments 
ORIGINAL PAGE 18 
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V I M  = r I- 
12M = r2- 
top1 = vot (y. 0 , )  
/1P1 = vli (y, 01) 
/2F I = v2+ (y. 01 
/3P1 = v3+ (y, 8 1) 
/OP2 = vo+ (y, 02) 
/1P2 = vlt (y, 02) 
J2P2 = v2+ (Y, e2) 
/3P3 = v3+ (y, 02) 
JOMI = vO-(y,e1) 
J IM1 V1-(y,O1) 
V2M1 = Vf (y, el) 
V3Ml  = V3-(y,01) 
VOM2 = Vo-(y, 82) 
V IM2  = V1-(y, 82) 
V2M2 = V2-(y, 82) 
V3M2 = V3-(v, 82) 
RPI = R+ ( ~ , 8 ~ )  
SPI = s+ (v. e 
RP2 = R+ (y, 02) 
SP2 = S+ (V, e21 
RM1 = R,(v. 0 , )  
OW3075 
Line No. 
SMl =S-(y, el) 
RM2 = R-(y. e2) 
SM2 = S- (v. e2) 
PI0 =no (y) 
PI2 = n2 (y) 
PHI0 = 40 (Y) 
PHI1 =41 (Y) 
PH12=42 (y) 
PHI = @ 
A1 = A1 (Y) 
A2 = A2 (y) 
A3 = A3 (Y)  
A4 = A4 (Y 
81 = 81 (Y)  
82 = 82 (Y) 
83 = 83 ( Y )  
84 = 64 (v) 
85 = 85 (Y) 
86 = 86 (Y) 
FLY = FL (y) 
FTY = FT (y) 
LB = LB (Y) 
ROOT - This program calculates limits. 
INTEG - This program evaluates integrals. 
FMN - This program calculates the elements of the determinant Fmn (y). 
FM - This program evaluates a funct~on involving FVP and L1. 
HCSPOL - This program calculates as a function of x, the TO and LO phonon temperature, the 
transverse effective charges, the Callen effective charges, and the dielectric constants eo and E,. 
ESTRl = HgTe transverse charge. 
ESTR2 = CdTe transverse charge. 
XM1 = HgTe reduced mass in g. 
XM2 = CdTe reduced mass in g. 
A = lattice constant as a function of x. 
EPS1 = E, as a function of x. 
EPSO = e0 as a function of x. 
Line No. 
07560 
07570 
07630 
d7640 
Commona 
Wr2 = w~ (CdTe) as a function of x. 
Wrl = w~ (HgTe) as a function of x. 
THTl = HgTe T 0 - phonon temperature. 
T1iT2 = CdTe TO - phonon temperature. 
07V1 1 TMLI = kigTe LO - phonon temperature. 
07702 / THL2 = CdTe LO - phonon temperature 
37860 1 EC1 = Callen effective charge for HgTe. 
07870 EC2 = Calien effective charge for CdTe. i - 
8 .3  Computer Program Flow Charts 
ORIGINAL PAGE la 
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SF1  XED I 
SSOURCE :CUBE.M03266 
CSOURCE:FFCTS,fl0326B 
SSOURCE : S l  MP.MO326R 
C MERGE FFCTS. INTRPL .  CUBE 1 S I f l P  
4 
RERL KFTEZ .KFTLHZ,KFTHHZ 
RERL flN1 3 . 3 )  . M L 1 ( 3 1  
LOGICAL  GEND 
REQL NE. NLH.NHH. N P l  .NP2 
RERL K.ND.KT.flO.Ml wfl2. fl00.NR 
REAL NO1 
REAL f l lB .MZB  
D I f l E N S I O N  ISBSCPI?I.VALUE171.PF1RHI71 
4 
CORMON /NNN/ NE.NLH.NHH.NO1 
COMflON /CONSTI /  P I  . P . H B . K T ~ N D . U V . ~ ~ O , U ~ E G ~ Y B C ~ Y B V ~ N R R Z I  tZR 
COflflON /VRR/ Z.CON 
COflflON /NM/ N.M 
COflflON /CONST2/ BETR,UELTR.BI 
COMMON /CONST3/ THETA1 .THETR~GINFZ.G02.EPHIO.EPHIl .EPH1Z7 
VL.VT. i IZ,R3.RC,AS J 
4 
COflflON /CONST.(/ flP1 . N P Z . X l  , X Z . R l  
EXTE3NRL FUNCS .FUNC4 
EXTERNRL FUN .FM 
W R I T E I 6 , l )  
1 V 
L I S T J / J  1 an T M I N i / r  2 wn T M R X i / I  3 * f i  1. ' 
i D E L T i / r  4 x x  DONOR O E N S I T Y I l 1  5 ax  biCCEPTOR D E N S I T r i /  
r 6 r n  PROPORTION O f  COTE I N  R L L O Y i / r  7 r r  DISORDER 
ENERGY I N  E J I / /  I + 
4 
- 
ES=4 .80325E-10  
H B = l . O 5 4 5 9 1 9 E - 2 7  
K ~ 1 . 3 8 0 6 2 2 E - 1 6  
f l 0=9 .1C9558E-28  
P I = 3 . 1 4 1 5 9 3  
C E V E ~ 1 . 6 0 2 1 9 1 7 E - 1 2  
4 
[ C A L L  FFCTS 1 
I 
6 
NRUN=l ] 
I? 
v 
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4 * 
IENTER NUflEER OF PRRflS T O  BE CHRNGED RND I. 
N O . .  NEW VQI U E )  I / I F O R  EQCH CHQNCEf / /  I 
v I REROI 2. I NCHNCE. ( ISBSCP( I I .VRLUEI 1 I .  I = I  .NCHNGEI 1 
ORIGINAL PAGE IS 
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X1=1.-X2 
URI TE16.6 I 
i 
I 
6 4 
FORtWTI rPRRFltlETER:. FOR THIS RUN RRE:r I ] 
L 1 6 
CRLL HCSPOL( X?.THTRqNl .THTFRNZ.THLl.fnL2 e ETRRNl~  ETRRN2, 
EO,EINF.ElRS~EZRSI  
v 
WRITE(6.101 EO.EINF,ElRs.E2RS.THLl .THLZ.fHTRAN..THTRRN?. 
ETRRNI .ETRRNZ 
13 6 
FORflAT( lX . rEPSO=r.F8.4 . I  EPSINF=I .F8.4 /1  X .  lHGTE CRLLENT. ' 
I CHRRGE=r.F8.4.r COTE CRLLEN CHQRGE=r .Fa. 4 / l X  .rHGTE LO[ 
I PHONON TEtlP=r,FB. 4. r CDTE LO PHDNON fEtlP=S .F8.4/ !  X .  
IHGTE TO PHONON TEMP=r.F8.4 .I COTE TO PHONON TEtlP=I. F8.4 /  
I X.rHCTE TRANSVERSE CHRRGEzl. F8.4  .I CDTE TRRNSVERSE r. 
ORlGiNAL PAGE is 
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I CON=CON*SQtT( CLY I /12. xPIxPIISQRTI B E W  Z=1000 . /T  I 
ORIGINAL PACE IS 
OF POOR QUALiN 
ORIGINAL PACE 13 
OF POOR QUALITY 
110 t' [ Z=ZL+DELZ*l  -XDL/I  XOU-XOL t i  1 
ORIGINAL PAGE 19 
OF POOR QUAUTY 
* 
r ~ 2 2 = ~ t l 1 ~ l  ( 7 B L  .X2? I 1 
t, 1 CRLL S I t lP (  FlJNC3.1 ./BETR.X21.O0O1 . l O . S I  I .KFTEZ.N. I E R )  1 
I - - KFTHHZ=KFTHH~~ESIESISORTI KT1 SF(  -1.  - Z  l / P I  THETRI =THL I /T  THETRZ=THLZ/T 
GI NFZ=HBxHBx( KFTEZ+KFTLHZ) /I 2. xUPxtlOxEGxE1 NF : 
GOZ=HEaHBx( KFTE2+K'TiH2+r:FTHH2 I 11 2 .&UPxnO*EG*EtIl 
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I L f7 
I 
I 
- - - - - - - - - - - - - - - - -  
4 
- - - - - -  - - - -  ( DO 2 5 0  1=1 . 3  > 
! 6 
I Ln=1-1  ] 
I 4 
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ORIGINAL PAGE 
OF POOR QUAL17"d 
ORIGJMAk F R G ~  1.3 
OF POOR QUALlN  I I: ~ * ~ ~ ~ ~ ~ ~ I Y X X ~ X X ~ Y ~ X L X X X X ~ ~ ) ~ Y ~ X Y ~ ~ ~ ~ X X ~ X Y Y * ~ X X *  
ti 
[ F U N C T I O N  FV( Y . Z l  ! 
' ORlQrNAL PAGE IS 
OF POOR QliALlrY 
I R E T U R N  1 
& 
c x # ~ x ~ x X x x x ~ x x ~ x X x ~ x x x ~ x x x x ~ X X ~ x x ~ ~ * x x X x Y x x x x x x x a x x ~  
6 
R E R L  LRHDFIV 
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RERL FUNCTION L l I Y I  -
- + 
COHMON /C3NST2/ BETR.DELTH.BI 
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00160 R t A L  M N ( 3 * 3 J t M L 1 ( 3 )  
00170 LuGICAL GENO 
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o u l * n  (IOLLTI,~ 4  *. SoNbl l  & E N S ~ ! # * / ~  5 a* ACCSPTW) DENS '* 
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GENDa* TRUE, 
XDUaXDL 
XO =xou 
= *UE z 2 k 
XDU=FU~C ( z 
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01950 A4=ACaAC*HR*M1B*VA*W ].NHH/(4 eUP*MO*KT 
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02020 
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02360 T=T*DTEMP 
02370 Q F I T o L S  TMAX) J TO 60 
02380 0 TO 6 
02390 550 CUNTINUE 
02400 STUP 
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02730 XZ=1Oe 
02740 IF (t*LT*O*OI XZ8(1Oe-Z) 
02750 XZtAMIN IYBVpXZ) 
02760 FtlL Lk*Om01 GO TO 2 0 
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2 0  FVz r/(EXPIY+Z)*l~l 85%; 30 C O N ~ ~ N U E  
RE TURN 
END 97OC ee*ee*e*+ee**meeeereaeeeeeeeeoee~eeeeeeeemeeeeeeeo 
FUKCTION FUNCl (Y) :$f!C eeeee*****ee*eee**eeeeeeaaeaee*eeeeeeeeeeoeeeeeee 
8i8q! REA LAMDA C O H ~ O N  /VARI ZrCON 
030 0 FUNCI*FV (Y r-Z).LbMDA (Y) 
03030 RE TUHI,, 
END- ' 
eeeeoaeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeoeeeeeeeee 
FUNCTION FUNCZ(YJ 
eeeeee*e*eee*eeaeeeeeeeeeeeeee*eeeeeeeeeeeeeoeeoeoe 
REAL AMUAV 
Eo**o~ I V A l /  ?.CON 
FUNCL~FV(YSZ)*LAMDAV(Y) 
RETUMV 
END 
eaee~**e*ee*~~e~eeeeeeeeeeeeeoeeeeeeoeeeeeoeooeoeee 
FUNCIION FVP(YgZ1 
e e e e e * ~ ~ ~ e e ~ ~ e e e e e e e e e o ~ e ~ a e e e ~ ~ O o e e o e e o e o o e o o o o e e  
eeeeeeeo**4e*eeeeea@eeema?~eee~eeoeeeeeeeeeeeoeeeeee 
FUNCTION FUNC3(Y) 
eeeee*ee*****eeeeeeeeeee.aeeeeeeeeemeeaeeeeeeeeeeee 
REAL LAM A 
COMMON /81./ z,coN 
FUYC3=LAHDA(Y).FVP(Ye-Z) 
RE TUNN 
CNn 
eeeeS~Te*eeeee~eeeeee~eeeeeoeeeeoaoeeoe~ae~eeeeoaoee  
FUNCTION FUNCI(Y1 
e e e e e ~ e e * ~ e ~ * e e e e e e e e e e e e e e e e e ~ ~ ~ O e e e o e o ~ O ~ e o o e e e o e e  
REAL LAMOAV 
COMMON /VAR/ ZrCON 
FUNC48LAMOAV(Y)*FVPfYeZ} 
RE T URN 
rMn 
END 
~ e ~ ~ ~ w e e e w e w e e w ~ ~ e w ~ e ~ ~ ~ w w e e e w w w e e w e e e e e e e e e w e e e ~ e e w e e e e  
QEAL FUNCTION LAMDAVIV) 
e e e ~ ~ w ~ w w e e w w w e e ~ w e w e e w w e w e w e w e e w m w e e ~ e e e w ~ e e e ~ e e e e e e e ~ e  
COMHUN /CONSTE/ RETA,DELTA*BI 
n v r L > C  TbeV 
w e e e e e e e ~ ~ e w ~ e w + w w e e w w w w e e e w e e ~ e ~ e e a e e e e e m e e e e e m e e ~ e ~ e m  
PEAL FUN TION L I I Y )  
eeewee*ee*e *Eweeeweeewteeeewewwe*eeeeee*eeeeeeeewe*emee 
CQblMUN /CONSTZ/ t 3 E T ~ t O E L T r r 0 1  
= S  ( Y  ).'SQRT (BETA) 
FND 
weweSiGe*eeewwewwwewe~eeeeeeeeeeeaeeeeeeeeemeeeeeeeeeee 
FUNCTION H(YrTHETAI 
w ~ e ~ e e e e * e e e w w w w ~ ~ e w w e e w e ~ e e e ~ ~ ~ ~ e e e e e e e e e ~ w e e e ~ e ~ ~ e ~ e e  
tI=O.0 
IF(YaLTaTHETA) RETURN 
GEf t i)SN 
END ' 
e e ~ e e w w ~ ~ e e w e e e w e e e w e c . w ~ w e e w e e w e e e e w e e ~ ~ ~ e e e ~ ~ e e e e e e e e e e e ~  
SUBROUTINE Y A B C ( Y ~ A * B ~ B P * C ~ C P ~ F L I  
eeee~eww*ewweeweeeeweewwweeeee**eeeemeeeeeeeeeeeeeeeemae 
R E A L  N 
(,O''YUN /CONSTZ/ b t T A r D E L T A t B I  
7 Y = ~ ~ I A * Y  F f Y * E Q * H I )  BY.1. 
DBY=UELTA*3Y 
O Y I i ! 3 = ~ R Y * 2 * / 3 *  
~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ ~ ~ ~ : ~ ~ ) ~ D Q Y 2 3 * 2 a e ~ B Y ~ 1 ~ l ~ 9 o * ~ B Y ~ I ~ ~ * D ~ Y ~ ~ ~ O 0 V a ~ ~  
r ) * D R Y 2 J ) / N  
B = s o H T ( z . * ( H Y - I , ) ) / ( ~ * * N )  
C=SOHT(RY-l,)*DRY23/N 
c P = s u w (  ~ . ~ D R Y / ~ . + ~ . ) / I B Y * ( D B Y * ~ . ) ) I  
R P = ~ , ~ T  t i r )  * C P / ( ~ ~ * N )  
CPSDUYZ~~;P/N 
F L = J r * ( 2  * D B V * D B Y * B Y * D E L T A * ( ~ ~ ~ O E L T A ) ~ B Y * ~ V * ~ ~ ~ ( ~ ~ ~ D E L T A I  
* ~ ~ / 3 a - 2 o / 3 r ) / ( 2 e * I 3 ~ * 0 ~ 3 ~ / 2 * * 1 ~ ) ~ ( 3 * ~ 0 0 ~ / 2 e * l ~ ~ )  
'RErukN 
END 
e ~ e ~ e * ~ e + w e e e ~ ~ ~ ~ e e e e w e e ~ e e w e w w ~ e w e e e e e e e e e w e e e e w e e e o w e e e e e  
SUHROUTINE R S L I Y ~ R P ~ ~ R P Z ~ R M ~ ~ R H Z ~ S P ~ ~ S P Z ~ S M ~ ~ S M ~ ~ L ~ ~  
emeweeeew~wewweeeewe~ewewwww~e~eeeeeeeeeeeeweeweeeeeeee~eee 
GEAL LAHUA 
REAL L B  
rCJHMoN /CONST2/ ETAtDE T A - 8  
(OMMUN /CONSl l /  BnEu ~ \ H E T A ~ ~ O ~ ) V ~ ~ ~ ~ ~ ~ E P M I O ~ E P M ~ L ~ L P H I ~ ~  
1 V ~ v T ~ s A P ~ S A ~ ~ S A ~ ~ S A &  
YM e=v-tn k . El:kBI 17.!j;J;Tv 
SPl+S(Y*THET41)  
SPZtb(Y*THETA7) 
T 6 01 GO 1 0  10 
~Gl::~!:\"~T;, 
10 ~~:~~!:\T*O*o) GO TO 20  
HETAZ) 
osi 00 
F ( Y H ) b * L r . O * O )  GO TO 30  (!ALL ~ A H C  (Y-THETA . A M ~ I B M ~ ~ B P U ~ . C Y ~ ~ C P H ~ ~ F L M ~ )  
30 I F I V H 2 k * L T * O  0 )  G b  10 4 0  
CALL NABC ( Y - ~ H E T A ~ ~ A M ~ ~ B H Z ~ B P ~ ~ ~ C M Z ~ C P ~ Z ~ F L M Z )  
4 0  CONTINUE 
BC=b*CM2*CYRM2 
R O ~ Z = A ~ A * A ~ 2 * A M 2 - B * B M Z * B C ~ s 2 * B C * B C / 2 e * B * 8 * B ~ 2 e ~ M Z / 4 e  
60 CONT IhUE 
S y 2 = 5 r * 5 y  
o lP=bp1*sP  r ;~=s~;*sp3+sy2 * s y 2  
F(YMlBmLT O O 
MsSn * m ~ * t y j  
I (YH2 m(T.O*O) 
32M=SHZ*5HZ*SyZ 
CONTINUE 
PIP=OlP*G NF2 
P Z P = ~ P * C I N F L  
IF (YHlBrLTmO*O)  
P M=Q M*G NF2 
lk :l!!!!~*bfeP.O) O C H : U L ~ * ~ I N F ~  
CONTINUE 
UlP=SY*<PI  
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OF POOR QuALIW 
I f  t ' rLT.O.0:  GO TO 50 
I.ALUt ( * t i S I  IPlU.?**V,Mf / ~ P ~ M * Z * * V ~ M I  1 )  
PVsP1M*P lM-b . *V IM*V IM 
v O ~ i ; - ( ~ ; * c , i F j ~ Z i v  M ? P v * x / ? ~  ) / Q l M  
V  b! a V l M e  ( P  M / P V -  /O M-P M'P M / ( O  M*P w * P l M / Q l M ) b X / 4 r  
,A*/= (v1M. ( 1  .-2.* ! iM/blM+\ 1.-11*/a!*1*#l~:blfii6v) 
* P 1 ~ * ( ~ ~ ~ 3 r * P l ~ / O l M ) * X ~ 2 * ) / 4 ~  
1 V 3 H I = - V ~ M * V I H * V I M / ( 3 . * ~ 1 M )  * P ~ M * V ~ M  
*P  M / ( 2  * Q l M  * P l M * P  Y / ( 2  ~PV)~PlM~PlM*PlM/(2a*QlM*PV~~ 
~ ~ ! : ~ ~ h * p ~ ~ * ( 3 : - ~ m * b l M / Q 1 M ! ~ 4 1 1 ~ w  
1 5 0  I F I U M 2 H * L T e O * O )  GO TO 160 
x=ALOG(A~ !S(  ( P Z M - Z . * V Z I I /  ~ P ~ M * Z W * V Z M )  1 )  
p J:PZII*PcM 
SP1-64Pl.SYZ 
RP s f  g S P I *  U  (ROP ( P O P ~ * V O P ~ ~ R ~ P ~ ~ V A P ~ * R $ P ~ * V ~ P ~ ~  *VIP *R P *VZP *R P *V P  
UP =FL*FLPP* SPZ* P Z * S V Z I  
S P ~ = I ~ P Z * ~ Y ~  
RFZ=HPZ* (ROP2*V lP  *R P2.V P *R P  *V P 
SP?=ZPZ* IPOPi?*VOP$*R { P ~ * V ~ P $ * R $ P $ ~ V $ P $ I  
I F ( Y M l R . L T r O * O )  GO TO 170 
RM1=FL*FLWl*(SMl*SMl*SY2) 
1 7 0  R H l a O e  
SM 8 0  0 
1 8 0  li:f!$!r k i d  ; ~ b z % ~ l ? s ? ? l  
SMZ=RM2*SYZ 
R M Z R R M Z ~ ~ R Q M ~ ~ V ~ M Z * R ~ M ~ * V  M + u Z M ~ . V ~ C ( ~ )  
5M2.ZYZ* I R P Y Z * V O H t * R ~ M Z f i V f M $ * R Z M Z ~ V Z M 2 I  
GO TO 200 
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06066  EGO- 
06050C e e r r o ~ o o ~ e ~ ~ ~ o e e e e e e e e e e e ~ e ~ e a e e ~ ~ e e e e o ~ o ~ ~ e a  
06040 SUBROUTINE ROOT(FrAr8rTOL) 0 6 0 7 0 ~  e o ~ e o o a o ~ ~ ~ o ~ o o o ~ o o o o e ~ o e e e e e e e e a e e e e e e e ~ a e o  
06030 2=1.0 
06090 FA=F ( A )  
6 t i ~ u , o o o l * ( e - ~ ~  
x=Fi 
YfX4DEL 
PELaSa.DEL 
I F  (YIGTo~) YnB 
CA' 1. SIMP(F,X,YvO*Ofr 
W R A  - ( 6 r )  XIY~SPIVALI 
v = v *  PL 
IF(YrEO.8) GO T O  200 
Z r V  
V=V*VAL 
If (X*EQ.A) RETURN 
06470 END Q648fiC O*o*o*~O*~o~*oooooooeeeee~eoee~eeeeeeee~eeeeeeeeeeeee 
0649 0 FUNCTION FMN(Yt 
06500C e e o o o ~ o o ~ o o ~ * e o ~ ~ o ~ ~ o ~ e e e ~ e e e e e e e e e e e e e a a e ~ m e e e a e e e a  
06510 REAL LRvNP1,NPE 
ObSZO COHMUN /VAR/ ZeCON 
0653C COMMON /NM/ NIM 
06540 COMMON /CONSTZ/ BETAIDE TAr0  
06550 COMMON I$ONST3/ THLTAI ~\HETA~IO~NCI~OOI~EPHIO~EPHI 
06560 1 VLvVTrA r A 3  A4rA.5 
06570 COMMON  CONS^^/ NP1 rNPZrX l rXZeA1  
0b58n 
X=Y-BI 
CALL R S L ~ Y ~ R P ~ ~ R P ~ I R M ~ ~ R M ~ ~ S P ~ ~ S P ~ ~ S W ~ ~ ~ M Z ~ L ~ ~  
XMnO . 0 
XN=X**N 
1 0  XMN=XM*XN 
XPlN=(X*THETAlte*N 
XPZNt(X*THETA2t*.N 
XM1N'O.O 
XMZN'O.0 
IF(X-THETA1 ~E.0 .0)  GO TO 20 
IMIN* ( x - T H E ~ A ~  I *ON 
20 I F ( X m T ~ E r A 2 e ~ E ~ O . O t  GO TO 30 
X M Z N = ( X a T ~ E T ~ 2 ) e * N  
30 CONTINUE 
4 -LB*XMN 
FMN=*FMN°FVP(Yp-Zl 
RETURN 
END 
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*e*ee*.o**.e***eoeeaeeoe~eeee**e*eeeeeee@*eeeemee~e*eo. 
FUNCTION FM(Y1 
e ~ ~ ~ o O * ~ * * ~ ~ * ~ ~ ~ e e ~ e e e ~ a e e e ~ e ~ ~ ~ * ~ O e o e ~ O ~ O O e O e O O e O O ~ O O  
REAL L1 
COMMON /VAR/  ZICON 
COMMON /NM/ NrM 
OMWON /CONSTZ/ BETA~DELTA~B1 S.V-BI 
' ' X E ' S ~ ~ ~ ~ ~ ~ ~ ~ E  CUBE (BrCrDrEI  rEZ*E3) 
.~.**.*...**.~.*~..e o***eoo*o**e**m***eeee***eeee*eem*e 
CUBE WRITTEN 9/19/74 JHP 
COMMENTS i 
1315 ROUTINE SOLVES THE GENERAL C U B I C  EQUATION 
REAL E ( 3 !  
COMPLEX l lrx 
WaCHULX(-m5 
Pa-(f l*B/3.  J 
11900 
12000 
1d100 
1;$8! 
16200  
t a  jsa 
lti81 
100  
7600  
8200  
A9200 
E ( ~ ; G ( K ~  
E ( K )  = X  
CON1 INUE 
E l = E ( J )  
5:t 131 
RETUWN 
END 
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- - 
o ~ O S F R F  
~aHsss:sgwFs; ; :R;~~~;~Z~B 
fJJ12;6:vMV.!Y, ETATAB ( 2 4 1 )  1FTM121241) r f  1 2 ( 2 4 1 )  eFT32(24A) 9FT52424A 
' i ( f - 1 1  
00130 T'.L ~ ~ F N ( 4 r ~ F R T R L S . H O 3 2 6 0  * tO11)  
,,A 1 I 00 \ O  I r 1 * 2 4 1  
00156 10 ETATE3( I ) = ( I - 4 1 1 / 1 0 1  
O O l t O  READ(4.t ( F T M l Z l I )  11. I ~ ~ ~ ) ~ ( F T ~ ~ ( I ) ~ I ~ A ~ ~ ~ A I ~ ~ F T ~ Z ~ I ~ ~ ~ ~ A  
0017okr(FT52\i~~X=11241)1(F 72(1),1.1,241) 
001  75 CALL CI.QSE ( 4 )  t 
00180 UETUQN 
90 SO NO 
00i!00 FUNCTION F (K2rETA)  
00210 DIMENSION CON(4,S) 
00220 COMYON ETATAR(24 l ) rFTM 2 ( 2 4  ) r C T 1 2 ( 2 4  
00230 DATA CON/) a77P4539 1 a 4 ~ ~ ~ ) 3 ~ J o . 4 / 1 3 3 3 ~ \ , w ~ b ~ ~ ~ 6 8 6 6 ~  
0 0 2 ~ 0 6 . ~ 8 6 2 ~ 5 9 ~ * 2 . 8 ~ ~ 4 2 7 ~ +  1.233 0 0  11. 6 4 i i 9 .  
0025061.3~9340~~5.6568542+6~16050~7r~~~~ 66, 
0 0 ? 6 n 6 3 ~ 3 2 3 3 5 1 1 A 1 . 3 1 3 7 0 8 ~ 1 4 ~ 3 9 3  7 r12.429806 
OOi?7Ofi 1.63 IZIr2Z.6Z7417rZ1.90~7~1r111~86~2~/ 
oo2eo !K= (~1*31/2 
00290 X=ETA 
0300 IF(X.GE -4  ) GOTO 1 0  
80301  E X ~ X = ~ . O  
00302 IF(X*LEe'EOO.) GO TO 5 
00310 E X P X = E X p l x )  
00311 5 COqTlNUE 
00320 F = C O N ( ~ ~ I ~ ) * E X P X * ( ~ ~ - E X P X / C O N ( ~ ~ ~ I ( ) )  
00330 RETUPN 
00340 10 I F ( x e G T e 2 0 * )  GOT0 2 0  
00350 CALL I N T R P L ( X I E T A T A B ~ F T ~ Z ~ ~ ) ~ ~ ~ * ~ ~ ~ P F ~ I N O I  
00360 I F  ( IPJO EQ.0) HETURN 
00379 U R I T E ( & ~ Y O O ~ I  KZIX 
00380 ROO1 FORMAT(*INTERPOLATION ERROR I N  f (*, Iz~*/2*@,@1tesm@)* 
00390 CALL EXIT  
00400 20 XMZsXee(-2) 
00410 XKP~= IK- .S  
00420 F ~ X * * X K P ~ / X K P ~ * ~ ~ ~ * C O N ~ ~ ~ I K ~ * X M ~ ~ ~ ~ N ( ~ ~ ~ K ~ ~ X M ~ ~ * ~ ~  
0043 RETURN 
00648 END 
00050SFREE 
OOlOOC LAGRANGIAN INTERPOLATION ROUTINE 
001 o SUBROUTINE I N T R P L ( X ~ T A B X ~ T A B Y ~ N C I N ~ Y P I N D )  
O)i!OC x=INDEPE*DLNT VARIABLE 
80 3 y  TAex=x AHHAY 
00 40 TABY=Y AHHAY 
00150C NC - CONTROL WORD 
00160C TENS POSITION - ExTRAPoLA~ ION OUTSIDE RANGE OF X I N  
00170C 1 NO 
00 1  eoc 0  Y I S  
00190C UNI  S POSIT ON - DEGREE OF INTERPOLAtION (1-7) 
oozooc  N=No OF VALUES I N  I ~ L F  lNO CR 0 0 2 l o C  Y=D€~ENDENT VARIABLE 
N D = E u r l o ~  I N 0 1  AroR ~ U # N E ~  TX C A C ~ ~ N O  P R O ~ ~ A ~  I S ; S ! C o l ~ ~ u i i ~ ~  T ~ I  (F) , T L B Y ~ A )  
00240 YC=IABS(NC) 
00750 1) !KC.GE*LO) GOT0 65 
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o o i ~ b c - ~ r ~ s i d ~ ~ ~ c X t i 5 ~ ~ ~ ~  - 
00390C NPA=LOWEW L I M I T  FOR SUM 
I ~ E S  T H I S  
GOT0 74 
7 -76  
PATH 
lrnj 
F ERROR 
i i ~ x z r r ~  
RETURN 
30  I F ( T A B  
fdP X ='iz 15- 
R E  TURN 
40 NPXSND 
YETURN 
END 
SUBROUTINE LAGRAN( 
: A G R A N  PERFORMS 1 
D ~ M E N S I O N  ~ ( 1 )  V Y ~ I  
SUMa0.O 
or? 3 I " 1 t N  
PR002Y ( 1  ) 
DO 2 J = 1 r N  
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ k ~ A G O ~ ~  
PRoD=PHodeQ 
2 CON1 NUE 
3 SU".~"M*PIIOO 
RETURN 
END 
8 CllOOSFlXED 01 oc ee*~oaeseeeeeeee~eeeeaeeeeeeeeeee4eeeeeee+e*~eeea~eeaee~e 
00 1 $0 SUBROUTINE SIMPfFrAvBtDEL~lMAXvSIlvS~NvIER) 0 0  3 0 ~  eeeeeaeeeeeeeeeeeeeeeaaeeeoeeeemeoemeemeeememeee 
0 0 1 4 0 ~  SIMPSON ~NTEGRATION ROUTINE. 
0 0 1  7tl ma0 
19 dER=d 
ETU N 
20  IF(DLL)ZL,ZZ,ZJ 
2 2  IER=2 
RETURN 
23 I F ( I M A X = I ) Z ~ l t 4 e 2 $  24 I E R r 3  
RETUHN 
25 #aBAJZ,*A 
:l:k%fx *Bra  
S=SUMK* ( I A I  + f i 6 ? t e e ~ , 6 ,  
DO 28 1=5.1wAx S11=5 
S t  'S-SUMK/2. 112,  
NHALF zNHALF.2 
bNtjLF.NHALF 
FH>TX~A*(BA/ANHLF) /Z .  SUHK=F (FRSTX) 
XK=FRSTX 
K AST=NHALF- 
~ \ n c = ~ A / A n n L h  
Do 26 KzLrKLAST 
XK=XK*FI C 
2 6  SUMK=SUM#*C ( X K )  
S U M ~ t S U M K o Z . . 0 ~ / ( 3 e * ~ N H ~ f )  Sf SeSUbiK 
F(SeEQeGe0) GO t [FI  (ABS(S-SIIIIIBO(S?)-DLLI 2 8  ONTINUE 
IER=4 
OUTPUT( 08 )  IEReSI) ,S.  GO TO 34 f t 15P:l"ar 
PblURN 
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